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Preface

It has been my purpose in this thesis to study the possibility of
finding a method for extending spectrum identification beyond the limi-
tations of photopeak analysis.

To carry out this theoretical study the Monte Carlo Transport Code,
Morse, was used to generate output spectra. The code is extremely flexi-
ble and has been adapted for Wright-Patterson's CDC~6600 computer.

I cannot express my gratitude enough to the personnel of RSIC at
Oak Ridge National Laboratory. Their support in sending me Morse and
important information was beyond the call of duty. My personal thanks to
Dr. Jabo Sae Tang and Dr. M. B. Emmett for their many hours of getting
me through the troubled days when I could not get Morse running.

A little closer to home, my appreciation to Dr. George John and Dr.
Don Shankland for their ready answers to my detector and correlation
theory questions.

Last, I wish to thank Major McKee for proposing this topic and
serving as my Thesis advisor. And I must thank him for keeping some of

my grander expectations in line with reality.
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Abstract

:l°Th;s report shows that gamma spectra identification by total
flux correlation can be used to extend identification range over
photo peak methods. Identification was based on two decision rules
both employing cross-correlation coefficients. The lakgest coeffic-
ient (first decision rule) matched the unknown speetra with the cor-
rect source thirty-seven out of thirty-eight trials. The proposed
likelihood function (second decision rule) had a success rate of
thirty-five out of thirty-eight trials. These results were based on

spectra generated by the transport code, Morse. —
.

.




I. INTRODUCTION

Background

The analysis of characteristic gamma-ray spectra, from spontaneous
nuclear decay, for identifying the atomic source or sources of radia-
tion usually employs "matching" the unknown source's spectral features
with the spectral features of known sources. Figure 1 illustrates this
concept.

Figure 1, depicts the matching of the unknown source in a rather
simplified manner. The match shown in part c shows the spectra being
compared by their energy differences of the peaks and relative intensi-
ties of the peaks. The concept of the library and measured spectra will
be expanded upon in the next chapter.

As illustrated in Figure 1, the spectral features that are most
commonly used for matching are the peak lines in the spectra. The peaks
are the easiest means for several reasons: (1) The energy of the peaks,
or differences between peaks, can be determined; and (2) the relative
intensities of the peaks can be determined.

The importance of knowing the relative intensity may not be en-
tirely clear at this point. Basically, what if two sources containing
different amounts of the same materials were measured? A proper match
would then depend on the relative peak intensities, as well as line
energies.

As a review, the interactions of photons with matter results in
either partial or total loss of energy. The three major processes are

(1) the photoelectric effect, (2) compton scattering by electrons in the

P 1
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(b) Spectrum of unknown source. Thic spectrum will be referred
to as the measured spectrum.
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?L (c) The measured spectrum clearly matched source C of the library.
Therefore, source C would be considered ms's source.

Figure 1, 1Illustrative example of "matching' a spectrum of some
unknown source with a spectrum of a known source for
identification,
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atoms of the material, and (3) pair production. Compton scattering is
the only process which does not absorb the entire energy of the photon.
These processes occur in both the transport medium and detector material.
The peaks in a spectrum, like those in Figu-e 1, result from those
gamma~rays which deposit all their energy only within the detector's
active volume. The peaks produced by these uncollided gamma-rays are
known as photopeaks. Typically these peaks dominate the spectral fea-
tures and are used for source identification. The uncollided and col-

lided photons are illustrated in Figure 2.

Scqteer
A~
// T~
Y.~ < Detector
7~ = Face
SN Lo
.—\ — — — — d—— — ———
N Y,‘- Vncorerded
Source

Figure 2. Collided and uncollided photons.

As the photons of a source are transported to further and further
distances, the probability that a photon will interact in the transport
medium increases, causing the ratio of collided to uncollided photons
to continually increase. Eventually, there would be so few uncollided
photons reaching the detector and depositing all their energy, that the
identification of the peaks in the recorded spectrum would no longer be

practical for identification purposes.

P
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Now, if the photopeaks in the spectrum were the only information
available in a gamma-ray spectrum, then isolation of these peaks become
more and more difficult as detection range increases. Eventually the
photopeaks would no longer be identifiable, since the intensity of the
photons would decrease with distance. This suggests that the spectrum's
information vanishes whenever the peaks vanish.

This degradation of peak lines can be seen in figures 3 and 4.
Figures 3 and 4 show output spectra for source photons with energies of
1.0 Mev and .5 Mev, respectively. The transport of photon lines must be
represented by the transport of energy groups and not of lines. The
group structure is due to the use of multigroup cross-sections that use
discrete energy groups. The 1.0 Mev photon is in the energy bin having
limits of 1.0-.80 Mev while the .5 Mev source has bin limits of .45-.5
Mev. The energy bins, as given by the group widths of the crcsis-section
library, are contained in Appendix A.

If the photopeaks were used as the only information in determining
a match, identification would be limited by the ability to isolate and
identify the photopeaks of the measured spectrum. This thesis takes the
position that counting the uncollided as well as the collided photons
might add "structure" to the spectrum unique for different sources.

This added "structure” may then be used for extending the identification

range.

Objectives

The basic objective of this thesis is to model and study the remote
detection of radioactive materials by measuring their naturally emitted

gamma-rays, obtaining spectra, and then employ spectral analysis to
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obtain the range limitations at which the spectra's sources can be de-
termined.

This thesis studies the hypothesis that the total spectrum, consis-
ting of both uncollided and collided photons, may be used as a means for
source identification and, therefore, extend the identification range.
In other words, do scattered photons contain usable information and if

go, how can this information be extracted?

Scope

The theoretical study lays the foundation for further work by pre-
senting an identification technique, based upon proposed decision rules,
which can be employed to select a source from its spectrum. This study
will investigate and study the ability of the identification method to
make the proper source selection as the photons are detected at increas-
ing distances. In addition the question on whether a "new'" source, not
included in the library, has been detected will be investigated. The
results will also be related to detection time.

To reach the objectives, two basic schemes were analyzed. The two
scenarios were:

(1) If the measured spectrum's source is known to
be one of the library sources, how does increasing
the detection range affect the ability of the de-
cision rules to make the correct source identifi-
cation? This scenario will consist of both a "good"
and "poor" measurement for the measured spectrum.
The meaning of "good" and "poor" will be explained
in Chapter II.

(2) If a measured source is not in the library,
does the decision rules indicate that a non-

library source is present? Again a "good" and
"poor" measured spectrum will be used.

o e
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Limitations of Problem

This thesis utilized a Monte Carlo transport code for the genera-
tion of all output spectra (Ref 1). Gamma-rays were transported in in-
finite (no ground or structural interaction), homogeneous air which con-
sisted of 79% N2 and 21% 0y, by volume with a density of 1.298 g/1. The
modeling of the photon transport, imposed the following conditions on
the spectra outputs:

(1) Sources were isotropic point sources.

(2) A spherical detector, completely surrounding
the point source was used to estimate fluence
(See Figure 5). This assumption is necessary to
reduce the number of transported photons to a
reasonable number. The characteristics of the
transported spectra should remain valid.

(3) A time independent detection was modeled,
with the number of source photons increasing or
decreasing to model relative detection time. 1In
other words, the fluence is estimated not the
flux.

(4) Background was not considered.

(5) A realistic detector's response function
was not modeled.

Each of these conditions imposed restrictions on the results and
ultimately on the achievements of the objectives. A brief remark on
each of these conditions follows.

Chosing an isotropic point source to model the configuration of the
radioactive material was not a bad assumption. If source dimensions
were no greater than 1 meter, even the shortest transport range, i.e.

20 meters, is much much greater than the source dimensions.
Condition 2 results from the use of a spherical detection surface

surrounding the point source. Figure 5 illustrates this configuration.
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Figure 5.

Fluence dQmputed from

Geometrical arrangement used for estimating
fluence of a point source with the Monte
Carlo Code, Morse.
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This setup was chosen due to it's ability to reduce the variance of the
fluence estimations (Ref 2). This fluence estimation technique is one
of several standard methods (Ref 2).

A time independent detection means that the code is not modeling
continuous photon emissions from the source. Rather, the total inten-
sity of the source spectra is determined by the number of photons that
is input to the code for transport. The intensity of the bins in the
source spectra is determined by specifying the relative amounts of the
photons for each energy group.

The limitations imposed by conditions 4 and 5 contain the greatest
deviations from a real detection.

Condition 4 is rather straight forward. No background was folded
or artificially incorporated into the generated spectra. This lack of a
background allows fcr a perfect environment to be modeled. Of course,
this condition is never obtained in a real detection environment. This
thesis assumes total background elimination is possible while at the
same time not destroying the spectral structure created by the collided
photon contributions. Remember, it is the scattered photon contribu-
tions to the spectra that is being investigated as a possible means of
extending the identification range over the photopeak range.

Condition 5 also incorporates the ideal detector into the transport
model. A response function of 1 for any photon crossing the detector
surface was used. This ideal response indicates that the efficiency for
all photons of any energy is the same. This condition is not true for a

real detection case.

10
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Layout of Thesis

Chapter II introduces the sources used for the spectral analysis
and discusses how they were constructed and transported.

Chapter III introduces the concept of spectral analysis by cross-
correlation and a likelihood function. The concept of a library and
measured spectra are defined and illustrated.

Chapter 1V presents the results of the spectral analysis and illus-
trates a method for determining minimum detection time. -

Chapter V follows with conclusions and recommendations.

The appendices of this thesis are located at the back of this paper

and they are ordered in the same sequence in which they are mentioned. - -
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II. SOURCE TRANSPORT

Source Considerations

The sources considered in this study were based on the following
assumption:

Different compositions of radioactive nuclear materials emit
gamma-radiation, that when detected close to their surface,
give spectra of unique characteristics as do single isotopes.

Only three isotopes were considered: U-235, U-238, and Pu-239.
The source spectra were artificially constructed from combinations of
these isotopes based upon several considerations:

(1) The untransported source spectra should reflect, to
some degree, the relative amounts of the combined isotopes.

(2) The source spectra should have some major lines in
common but with different relative intensities. This con~
dition will help determine the ability of the analysis
method to distinguish two different amounts of the same
material.

(3) Some scattering in the initial photon emissions from

the isotope sources were factored into the spectra. This

spread was so the source spectra would better model spec-—

tra at the surface of the material. It should be stated

that a rigorous down-scatter analysis was not attempted

because the design of the sources was deemed unnecessary

for this theoretical study.

Even though the source spectra were constructed based upon these
considerations, the details of the source spectra are somewhat arbi-
trary, since the analysis technique is being evaluated, not the detec-

tion of any specific sources.

The major energies of the isotopes are tabulated in Table I.

12




Table I. Major gamma-ray energies of
radioactive material (Ref 3:4)

Energy Intensity

Isotope (keV) 1/(g-sec)
U-235 185.72 4 ,.3E4
U-238 * 1001.10 1.0E2
766.4 3.9E1
Pu-239 129.28 1.4E5
413.69 3.4E4

* These energies actually arise from
Pa-234m daughter of U-238.

Figures 6 through 8 indicate the source compositions used in this
thesis. The figures are labeled source A, source B, and source C, res-
pectively, and will be referred to as such throughout this thesis.

Table 11 gives the percentage basis of the source spectra.

While the energies for the sources were based upon Table I, the
figures show group structure instead of individual line energies. Re-
call that the bin limits may be found in Appendix A.

All spectra were graphed, throughout the paper, with ordinate units
of counts/keV/source photon vs. abscissa units of keV. The ordinate
values are 47RZ times fluence for each energy group. Spectra plots were
done in this manner, so that the spectra at different ranges could all

be represented on the samc scale.

Spectra Generation

All of the output spectra were artificially produced by the trans-
port code. As such, estimates of the group fluence values (means) could

be generated to the statistical degree desired by running the code as

13
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Table II.

Group
(KeV)

1300
1000
800
700
600
512
500
450
400
300
200
150
100
75
60
45
30
20

10

Spectra intensities of Sources on
a percentage basis.

Percent Intensity

Source A Source B Source C
.0 .18E-4 .0
.06974 .0 .2564
.0349 .J17E-5 .1282
.3489 .0 .0256
.0 .0 .0
.2324 .0 .0

0 .0 0
.0177 .1043 .0
.0465 .1043 .0
.0116 .0 .0
L1164 .7914 .5129
.0698 .0 .0513
.0 .0 .0256
.0232 .0 .0
.0233 .0 .0
.0116 .0 .0

0 .0 0

0 .0 0
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many times as needed. Recall that the more samples that are used, the
better the true mean estimate can be found, i.e. the variance of the
mean is proportional to 1/N, where N is the number of estimated values
for the quantity of interest (for example fluence). With this in mind
the output spectra were grouped into two categories.

The two categories were the library spectra and the measured spec-
tra. These categories have been previously mentioned and will now be
fully defined.

The library spectra were generated from the sources in a manner

that allowed for obtaining an estimation of the true fluence means.

That is to say, the library spectra were generated by averaging the
fluences of many runs. This resulted in a standard deviation of the
mean being obtained with each group fluence (Remember the energy bin
structure). Of course, if the sources were available for a real detec-
tion, then careful measurement of these sources under controlled condi-
tions would be carried out. This is what the library spectra represents.

In contrast, the measured spectra were generated so as to represent

a measurement under less than optimum conditions. Hence, their fluences
would be expected to be randomly distributed about the mean fluences of
the library spectra; an exact match was not likely.

The reasons for generating spectra at different ranges will be ex-
plained shortly.

The measured spectra were further broken up into two types: the
"good" and "poor" measured spectra.

The terms "good" and "poor" were used only to indicate that the

"good" spectra were generated with a larger number of source photons

18
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than the "poor" spectra, thus the "good" spectra should match the 1i-
brary spectra more closely. The term "poor" does not indicate that the
generation of the "poor" spectra resulted from computational error.

The method for generating these measured spectra are given below
under the appropriate subheading.

Library Spectra. The library spectra consist of the three sources

transported to 8 different distances: 20, 41, 83, 124.5, 166, 245, 333,
and 390 meters. Each output spectrum was determined by making 3 runs
with ten batches/run of 1000 source photons/batch. The group fluence
values for the 3 runs were averaged and the fractional standard devia-

tions were determined by batch statistics as given by the following:
Fluence Average (Multiple runs)

N N
= zFiCi-/ Zci
i=1 i=1

number of runs

o]
|

=
L]

(¢
il

1 number of batches for run i

=il
U

y = average value of interest for run i

]
h

averaged value of interest (fluence)

Fractional Standard Deviation (Multiple runs)

Prj

J"‘Z N2 2, % 2,=
f.s.d. = V— = Zci ox /Zci /7
§=1

F

Standard Deviation of the Mean (Any single run)
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where,

z
il

number of batches (note the change from multiple runs),

n = total number of independent histories (function of the
number of source photons),

n, = number of independent histories in i-th batch,

F, = accumulated estimate in i-th batch.

N
n = E n1

i=1

Note that:

where Fi j is the estimate from the j-th history in the i-th
?

batch,

F =

o=

N
E n, % Fi (for one run)
j=1

where F is the mean, averaged over n histories.

The fractional standard deviation is

These statistics are computed by an analysis subroutine within the

transport code (Ref 4).
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So, if the desired f.s.d. is not low enough (f.s.d. might be higher
for some bins than others) another run may be done in order to reduce
the f.s.d. and therefore, reduce OF giving a better estimate for the
fluence means.

Why were the library spectra generated for different distances?
These range generations were done so that the concept of using total
spectra analysis, i.e. uncollided and collided spectral features, could
be carried out. Figure 9 best illustrates this concept.

By "transporting" the library spectra at the same range as a mea-
sured spectra a match can be attempted using the total spectrum with the
hope for extending the identification range.

The purpose of the library spectra was to act as the spectra, cor-
responding to known sources, by which a match with a measured spectrum
would be attempted. A perfect match would indicate that the measured
spectrum was from the same source that generated the library spectrum.
But this perfect match is not likely and only a best match would be ex-
pected,

This type of procedure allows for the investigation of the hypothe-

sis that the scattered photons contain useful information.

Measured Spectra. The measured spectra consist of the sources

transported to the same distances as the library, but with fewer source
photons. The purpose of the measured spectra was to act as the unknown
sources for a match with the library spectra. The measured spectra's
sources will be referred to as unknown sources. Of course, the unknown
sources are known to us, so that conclusions on spectral analysis can

be evaluated.

21
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(a) Source spectra (A-C) and unknown spectra X at the surface
of their material. Can see that spectrum X '"matches"
spectrum C better than the other source spectra.

(b) For some reason source X can not be measured at a close
distance but only at range y. It is now difficult to
tell which source X is.

‘ A(7) I B (7) ¢ (7

(c) By generating the library spectra at the same range a
match may become possible. Now, spectrum C, atr,
seems to match spectrum X atr .

Figure 9. Illustrative example for generating
transported library spectra.
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Also included was Source X, which was a source not used in the li- ]
brary. Source X was used so scenario (2) (Chapter I) could be answered. 3

Source X is shown in Figure 10.

Two sets of measured spectra were generated; one referred to as the
#l "good" spectra and the other referred to as the "poor" spectra. Only
one run with one batch was used in their generation. Therefore, no es-
timate of the mean for each group fluence value was possible. What
“' these measured spectra gave were fluence values randomly distributed
about the means of the library values.

"Good" Spectra. These measured spectra were generated by

using 1000 photons as the makeup of the source's intensity.

"Poor" Spectra. These measured spectra were generated by

using 100 photons as the makeup of the source's intensity.

It should not be surprising to expect that the "good" spectra will
be distributed with less variance about the means of the library (of the
same source) than would the "poor" spectra. Table III clearly shows

that this statement is correct. Table III gives the number of standard

deviations away the measured fluences of source A are from the library
fluences of source A at the range of 20 meters. Clearly, Table III
i! (For the complete listing see Appendix C) shows that the standard de-

viations of the "poor" spectra are larger than the 'good" spectra, on

the average. As range increases the differences between the "good" and
i "poor" gpectra become even more apparent. \
Tl The purpose for generating two different measured spectra for each o
source was to find out what the analysis procedure reveals when the

r’ search spectrum consist of either a good measurement (good statistics)

23
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Figure 10. Fluence spectrum of Source X.
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Table III. Distribution of "Good" and "Poor" fluences
about the means of their library fluences. -
Source is Source A at the range of 20 y
meters. Values are in Counts/Photon.

Library A MA (Good) MA(Poor) :
Group '(KeV) (s. dev)* (d.f.m,)** (d.f.m,)** - 9
4
1300
.0 .0 .0
(.0) n/a n/a
1000 5.94E-2 6.195E-2 4 .66E-2
(7.47E-3) (-.34) (1.713) )
800 3.043E-2 3.548E-2 1.541E=-2 :
(6.24E-3) (-.81) (2.406)
700 2.947E-1 2.894E-1 2.528E-1
(1.77E-2) (.301) (2.369)
600 1.161E-2 9.587E-3 0.0
(5.98-3) (.339) n/a
512 1,.811E-1 1.808E-1 1.539E-1
(8.10E-2) (3.3E-3) (.335)
510 1.866E-2 1.551E-2 0.0
(6.23E-3) (.5059) n/a
450 2.472E-2 1.635E-2 5.716E-3
(7.87E-3) (1.064) (2.415)
400 7 .068E-2 6.534E-2 1.087E-1
(1.37E-2) (.0389) (-2.77)
300 6.154E-2 5.293E-2 7.729E-3
(1.512E-2) (.5696) (3.56)
200 1.183E-1 1.404E-1 1.491E-1
(1.764E-2) (-1.25) (-1.74)
150 9,528E-2 7.627E-2 1.094E-1 1
(1.63E-2) (1.162) (-.859)
100 1.492E-2 3.563E-2 2.235E-2
(8.72E-3) (-2.37) (.8510)
75 2.083E-2 1.439E-2 1.309E-2
(5.46E-3) (1.180) (1.418)
60 2.531E-2 1.687E-2 3.929E-2 1
(7.33E-3) (1.151) (-1.90) 1
45 1.524E-2 6.451E-3 3.507E-3
(6.37E-3) (1.378) (1.839) \
30 3.897E-4 0.0 0.0 ]
(9.048E-4) n/a n/a
20 0.0 0.0 0.0 -
n/a n/a n/a ]
10 0.0 0.0 0.0 :
n/a n/a n/a 1
* (standard deviation of library (counts/photon))
*% (deviations from mean of library) 1
25
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be

or poor measurement (bad statistics).
The 1library spectra are shown in Figures 11 through 13 at various

distances.

The "good" and "poor" spectra can be found in Figures 14 through

21.
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& IIT. CROSS-CORRELATION »

Background

Cross-correlation may be defined as a mathematical technique for
i determining the degree of similarities which exist between two spectra.
With the introduction of digital computers, cross-correlation became a
common means of comparing a measured spectrum with a set of library

I spectra in search of sought-for spectral features. The main application T
of cross-correlation techniques has long been to detect signals. The
first discipline to widely use correlation, and probably the field that
r still uses it most today, is the communications field. The application
of recognizing periodic communication type signals in noise was discus-
sed as early as 1950 (Ref 5). Several books that deal with correlation

.. - -
i " techniques have been written with application primarily to communica- .

P

tions (Refs 6;7).

Several articles were found that specifically applied a cross-
‘ correlation technique in analysis of nuclear spectra (Refs 8;9;10;11). -
The articles presented the application of correlation technique in iso-

{ lating and enhancing structure in pulse-height spectrum data. The spec-

tra peaks were the main structure of concern. This type of correlation .
method is a peak extraction method. A peak extraction method is any "
technique which can determine if a gaussian pulse exists within the ran-
dom noise and background of a spectrum. -1

An article in 1973 by Horlick (Ref 12) presented typical results b

that are obtained when entire spectra are cross-correlated and how the

resulting cross-correlation patterns can be interpreted. The spectra -
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used were line emission spectra for Co, Ni, and Fe. This article gave

the clearest meaning to generating library spectra of known sources,

making a measurement on an unknown source, and then matching the unknown

spectrum with the proper library spectrum. The match then identifies

the source of the unknown spectrum.

Decision Rules

In order to analyze the unknown spectrum and make a choice as to
its source, some form of a decision must be made. Two decisions rules
were proposed and studied. Both of these decision rules employ cross-
correlation coefficients.

Cross—-Correlation Coefficient. The cross-correlation coefficient

is defined here as

G
Pyy " E C D = € (3) (1
k=1
where,
Py j = cross-correlation coefficient of spectrum i correlated
’ with spectrum j.

G = number of energy groups being used to define the correlated

spectra.
Ck(i) = gpectrum i's fluence estimate of energy group k.

Ck(j) = gpectrum j's fluence estimate of energy group k.

Py 3 may be normalized by the denominator,
14

G G
J ch(1)2 . chz(i) (2)
k=1

k=1
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such that

0<py 4=
?

and for a spectrum correlated with itself

°1,3 °

The actual definition of (1) is quite flexible and may be seen
written in different forms in other literature (Ref 6). In determining
the form of the correlation equation a simple expression was desired
that could be applied to the group nature of the spectra as well as be
easily analyzed in a statistical fashion. Equation (1) meets these de-
sired conditions for the coefficient equation.

The value of pi,j can be thought of as a measure of all spectral
features shared by the two spectra on a percentage basis. The closer
pi,j is to 1 the more features the two correlated spectra have in common
with one another.

Largest Coefficient. In most applications of the cross-correlation

coefficient, the match for a measured spectrum has depended upon cross-
correlating the measured spectrum with the library spectra and choosing
the largest correlation coefficient as the indication for the correct
match. This method, choosing the largest coefficient, constitutes the

first decision rule.

Before the second decision rule is presented it is instructive to
introduce the meaning of the library matrix and the measured matrix.

The library matrix contains the coefficient values of the library

spectra correlated with one another. Since three sources comprise the

entire library, a matrix with dimensions of 3X3 will be formed. The
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library matrix for the 3 sources looks like the following:

PLA,LA  PLA,1B  PLA,LC]

PLB,LA  °LB,LB  PLB,LC

| PLc,ta Prc,LB Pre,Lc|

pLA,LB would be the cross—~correlation coefficient of the library
spectrum A with the library spectrum B.

Each row vector of the library matrix may be viewed as the '"compo-
nents" of library spectrum A (row 1), library spectrum B (row 2), and
library spectrum C (row 3).

Due to the nature of the correlation equation, this matrix is sym-

metric, i.e. PLA.LB The
)

= o18,1a° PLa,Lc ~ PLc,ia’ @™ Pip.rc T PLc,LB
diagonal terms will have a value of 1, since cross-correlating a spec-
trum with itself must result in a perfect match (See page for norma-
lization procedure).

These coefficients each have a standard deviation of the mean, 05,
due to the nature of their generation. Note, the diagonal o's are equal
to zero because the normalization procedure always gives a value of one

for the diagonal coefficients.

The completely described library matrix looks like the following:

- -

o1a,ta ¥ %a,14  Pra,iB ¥ Oa,B Pra,ic T %1a,Lc
°18,0.4 F %B,1a  °uB,B ¥ %Ls,1B  PLB,LC T %Lc,LC
°Lc,1a * %c,ta Pre,ue ¥ %e,s Pre,ic T %Le,Lc)
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As with the coefficients, the standard deviations are also symmet-

ric, f.e B’ and ©

1a,LB ~ “uB,1A’ %LB,Lc T %Lc,L LA,LC ~ “Lc,LaA”

A library matrix was calculated for each distance the three sources

were transported.

The measured matrix contains the coefficient values of the measured

spectrum cross-correlated with the library spectra at corresponding
transport distances. In this case, a matrix with dimensions 1X3 results,
giving

[DM"i",LA pM"i",LB pM"i",LC]

where PM™i" LA is read the cross-correlation coefficient of measured
E
spectrum "i" ("i" indicates the correct source for the measured spectrum)

correlated to library spectrum A and so forth.

Likelihood Function. The likelihood function is a probability den-

sity that will be used for the second decision rule.

The likelihood function used in this study is given by

P(M=i) =

Exp | - _;_ ("Mi,LA“’Li,LA\ N ("m,LB“’Li,LB\ N ("Mi,Lc"’Li,Lc)
Mi,LA ] i, LB mi,LC

V(Zn)3 o o V]
Mi,LA Mi,LB Mi,LC

(1)

where,
M = assumed source for the measured spectrum

P(M=1i) = value of the density function assuming M's source is
source 1i.

oMi Lj = standard deviation of the correlation coefficient of the
’
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assumed source, M, about the library spectrum of j (See Appen-
dix B for derivation). "i" indicates the assumed source of the
unknown spectrum.
Clearly, (1) consist of three gaussian density functions (gdf) mul-
tiplied together. The use of the gdf is based on the assumption that

the normalized coefficients follow a gaussian distribution. This assump-

tion must be kept in mind when the results of this decision rule are
presented.

The likelihood function does several things that the measured coef-
ficients (alone) do not. The function:

(1) allows for the similarities of the library spectra with each
other to be mathematically taken into account; and

(2) takes into account any error associated with the library spec-
tra and the assumed source.

The use of the likelihood function is a more mathematically correct
method for determining the correct match through cross-correlation analy-

sis (Ref 13).
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IV. RESULTS AND DISCUSSION

To demonstrate the feasibility of extending spectrum identifica-
tion by correlating spectra consisting of uncollided as well as collided
h photons, the measured spectra (including Source X) were correlated to -
each of the library spectra. The decision rules were then applied to
the coefficients to see 1f the correct match was indicated.
t The correct source of the measured spectra will be designated with
an M, for measured, followed by the letter indicating its source, i.e.
MA means the measured spectrum of source A. In addition a numerical
i. value may follow M"i" indicating results for the ''good" or "poor' mea-
sured spectra, i.e. MA1000 would be for "good" while MA100 would be for

"poor" spectra. This nomenclature indicates the number of source pho-

tons used for their spectra generation.
The results of the decision rules are presented in the sequence in

which the scenarios were presented in Chapter II.

Coefficient Matrices

Tables IV, V, and VI give the coefficient values for the library

matrix, the "good" measured matrix, and the "poor" measured matrix, re-
spectively. All the coefficients shown are normalized coefficients.

The associated standard deviations of the means for the library
coefficients are tabulated in Table VII.

Library Matrix. Let us first look at the library matrix (Table VI) o]

and understand some of the trends that are occuring. The most noticable
feature about the coefficients is that their values are becoming closer

and closer together as range increases. This phenomenon is occurring 1
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Table 1IV.

1.0000
L1478
.4325

1.0000
.3814
.4556

1.0000
.5031
.5727

1.0000
.7079
.7578

1.0000
.8188
.8591

1.0000
.8735
.9163

1.0000
.9090
.9547

1.0000
.9138
.9696

1.0000
.9307
.9810

Coefficient values of the library

matrix

SOURCE
.1478
1.0000
.8530

RANGE =
.3814
1.0000
.8587

RANGE =
.5031
1.0000
.8821

RANGE =
.7079
1.0000
L9174

RANGE =
.8188
1.0000
.9469

RANGE =
.8735
1.0000
.9576

RANGE =
.9090
1.0000
.9626

RANGE =
.9138
1.0000
.9618

RANGE =
.9307
1.0000
.9559

<4325
.8530
1.0000

20 meters
.4556
.8587

1.0000

41 meters
.5727
.8821

1.0000

83 meters
.7578
.9174

1.0000

124.5 meters

.8591
.9469
1.0000

166. meters
.9163
.9576

1.0000

246. meters
,9547
.9626

1.0000

330. meters
.9696
,9618

1.0000

390. meters
.9810
.9559

1.0000

45

PLA,LA
PLB,LA

PLc,LA

LEGEND
PLA,LB
PLB,LB

PLB,LC

PLA,LC
PLB,LC

PLC,LC

. A A e




RANGE

(meters)

20.0
41.0
83.0
124.5
166.0
246.0
330.0
390.0

RANGE

(meters)

20.0
41.0
83.0
124.5
166.0
246.0
330.0

Table V. Coefficlients of "Good" matrix

MA1000

(.995,.422,.497)
(.995,.472,.539)
(.990,.637,.709)
(.986,.759, .804)
(.980,.848,.893)
(.985, .884,.939)
(.953,.928,.950)
(.965,.916,.954)

MB1000

(.379,.999,.853)
(.496,.999, .883)
(.704,.997,.921)
(.818,.997,.942)
(.869,.992,.949)
(.901,.984,.918)
(.924,.990,.963)
(.921,.974,.939)

MC1000

(.470,.859,.998)
(.592,.860,.997)
(.751,.904,.996)
(.853,.961,.997)
(.904,.939, .988)
(.943,.950,.982)
(.965,.951,.977)
(.964,.948,.990)

Table VI. Coefficients of "Poor" matrix

MA100

(.969,.500, .533)
(.971,.549,.600)
(.886,.753,.759)
(.907,.687,.735)
(.909,.715,.763)
(.859,.778,.842)
(.946,.907,.932)

MB100

.364,.997,.861)
.490,.941, .866)
.678,.967,.866)
.797,.960,.897)
.795,.940,.897)
.722,.841,.789)
.844,.961, .914)

PN N SN N NN
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MC100

(.446,.836,.981)
(.530,.927,.985)
(.720,.898,.944)
(.710,.807,.831)
(.789,.780,.878)
(.919,.913,.944)
(.731,.696,.711)

-
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Table VII. Standard deviations of the means for the
k coefficient library matrix
1 LIBRARY SIGMA RANGE = 20 meters
A B C
0.0 8.525E-003 7.873E-003
8.525E-003 0.0 8.101E-003
7.873E-003 8.101E-003 0.0
LIBRARY SIGMA RANGE = 41 meters
A B C
0.0 1.013E-002 1.002E.002
1.013E-002 0.0 1.133E-002
1.002E-002 1.133E-002 0.0
LIBRARY SIGMA RANGE = 83 meters
A B C
0.0 1.262E-002 1.336E-002
1.262E-002 0.0 1.268E-002
1.336E-002 1.268E-002 0.0
LIBRARY SIGMA RANGE = 124.5 meters LEGEND
A B C
0.0 1.940E-002  1.800E-002 °LA,LA %LA,LB %LA,LB
1.940E-002 0.0 1.957E-002 o o
1.800E-002  1.957E-002 0.0 LB,LA °LB,LB °LB,LC
LIBEAKY SIGMA R RANGE = 160.Cmeters OLC,LA ULC,LB ULC,LC
0.0 1.893E-002 1.893E-002
1.893E-002 0.0 1.865E-002
1.893E-002 1.865E-002 0.0
LIBRARY SIGMA RANGE = 246. meters
A B C
0.0 2.315E-002 2.414E~002
2.315E-002 0.0 Z2.147E~002
2.414E-002 2.147E-002 0.0
LIBRARY SIGMA  RANGE = 330. meters
A B C
0.0 2.769E-002 2.863E-002
2.769E-002 0.0 3.251E-002
2.863E-002 3.251E-002 0.0
LIBRARY SIGMA RANGE = 390. meters
A B C
0.0 3.371E-002 3.166E-002
3.371E-002 0.0 2.960E-002
3.166E-002 2.960E-~002 0.0
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due to the increased downscattering of the source photons as range in-
creases. The downscattering photons cause the group bins of the lower
energies to fill up creating a higher correlation between the library
spectra due to the spectral differences disappearing. This downscatter
is evident in any of the spectra figures.

Measured Matrix. Tables V and VI give the measured matrix for the

"g00d" and "poor" spectra, respectively.

Like the library coefficients the measured coefficients are becom-
ing closer and closer as range increases. Of course, this was expected
since the same sources are being used and the spectral features of these

measured spectra are disappearing as well.

Library vs. Measured Coefficients

The purpose of generating coefficients is to compare the library
coefficients with the measured coefficients, apply the decision rules,
and study the indicated match. The measured coefficients are plotted
along with the correct row of the library coefficients in Figures 22
through 27 (Source X will be presented later).

The open symbols, connected by some line 'type", are coefficients
of the indicated library spectrum correlated with itself and the other
library spectra. The crossed-in symbols are the coefficients of the
measured spectrum (unknown source) with the library spectra. If the
measured spectrum's source is the same assumed library source, then each
paired symbol, one open and one crossed, should be 'close" to one ano-
ther or show the same ordering at each range. These figures indicate
that these trends are true.

These figures show several things. First, the ''good" spectra
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Figure 24. Measured matrix, MB (unknown: Source B) vs

library coefficients of row 2.
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coefficlents, at each range, "closer" than the "poor" spectra coeffi-

cients. This difference is due to the "poor" fluences being randomly

distributed about the means of the library with greater deviation than
the "good" spectra. This distribution of the "good" vs "poor" has al-
ready been mentioned in a previous section. Here the plots illustrate
the difference between the distributions.

Another feature about the coefficients is that as range increases
the coefficients begin to converge on one another making it difficult to
tell the coefficients apart. This bunching implies that identifying the
source of the measured spectra will also become more difficult as range
increases and spectral features disappear.

Figure 28 shows what happens when the measured matrix coefficients
are compared to the wrong row of the library. In other words the wrong
source, The symbols are no longer paired and the largest measured co-
is the coefficient correspond-

efficient is PMB.LB’ not °MB.LA° PMB.LB
9y ’ 9

ing to the assumed Source B (wrong in this case).

Results of the Decision Rules

So far the relationship between the library and measured coeffi-
cients have been shown. The decision rules are now applied to the co-
efficients in order to study how the correct match is affected as range

increases. The maximum studied range at which the correct match was

chosen will then be used to compare the photopeak identification method
to these proposed methods.

Largest Coefficient. The largest coefficient in the measured ma-

trix will determine the most likely source for the measured spectrum.

This decision rule has been used in previous work (Ref 12). By looking
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{ A at Tables V and VI as well as Figures 22-27 it can be seen that the lar-
gest coefficient chose the correct source (excluding source X) in

F every case but for the MCl00 matrix at the range of 330 meters (See

Figure 27).

- . By employing this decision rule the correct source is chosen in

every case except for the "poor'" spectrum of source C at the 330 meter

range. These results show that this decision rule has a great deal of

merit for identifying unknown sources. What is even more encouraging

about these results is that even with "bad statistics" the proper choose

can be indicated. ("Bad statistics" is only a relative term, but an in-

;I dication of the success that can be obtained with this decision rule has
been demonstrated.)

In all these cases only one out of the thirty-eight matches indica-
ted the wrong source for the measured spectra.

Likelihood Function. The second decision rule utilizes the likeli-

hood function. In an analogous fashion as the first decision rule, the
rule would state that the largest value for the likelihood function in-
dicates the correct match.

Recall the likelihood function is given by

P(M=1i) =

xp | - % ("Mi,LA’pLi,LA\ . <"M1,LB'°L1,LB\ N (°M1,Lc'°Li,Lc)
Mi, LA Mi,LB Mi,LC

V(Zn)3 o} o o
Mi,LA Mi,LB Mi,LC
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Table VIII gives the value of the likelihood function along with
the maximum the function could possibly be, The maximum would indicate
that all coefficient pairs were perfectly matched, i.e. each pair is ex-
actly equal to each other, and therefore, the numerator would reduce to
one.

By noting the maximum indicated for each assumed source, it can be
seen that the values of the likelihood functions are weighted different-
ly (due to the process used in determining the standard deviations used
in the function). If the function is divided by its maximum value, then
a percentage will be found that indicates the degree the function is to
a perfect match. This ratio will be referred to as the normalized like-
lihood function. The largest normalized likelihood function is used as
the second decision rule. Table IX gives the results.

Table IX indicates the wrong matches in the location where the sym-

bol "+" is present.

Largest Coefficient vs. Likelihood Function

From the rrevious two sections, the identification of the correct
source, by either decision rule, gives comparable results. While the
rule utilizing the likelihood function indicated three wrong matches
compared to one wrong match for the coefficient rule, each wrong match
was indicated only for the "poor" spectra. In general terms, the two
rules must be considered .o be equal in their success for choosing the

correct source.

Cross-Correlation vs. Photopeak Identification

In order to make the comparison between the cross-correlation
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ﬂ Table VIII
) (a) Likelihood function values for measured source MA1000.
RANGE  ASSUMED (ASSUMED) (ASSUMED) P
i. meter SOURCE P'SOURCE | Pmax\ SOURCE Pmax
20 A 1.4E42 3.6E+2 374
20 B 2.5E-369 4.5E+3 0.
¢ 20 C 1.5E-269 2.7E43 0.
il 41 A ) 6.6E+2 .632
- 41 B 2.5E-125 1.4E+3 0.
41 C 7.3E-78 9.5E+2 0.
q 83 A 1.2E+2 3.2E42 .369
S 83 B 1.8E-36 1.2E+3 0.
;. 83 c 8.4E-15 4.2E42 0.
‘ 124.5 A 7.8E+1 1.3E+2 .608
124.5 B 2.2E-2 1.4E42 0.
124.5 C 1.6E-2 2.1E+2 0.
\e 166.0 A 9.5E+1 1.2E+2 .789
L4 166.0 B 2.9E+1 1.9E+2 .237
166.0 Cc 6.9E+1 1.7E+2 .403
246.0 A 5.6E+L 5.9E+1 .952
246.0 B 2.8E+1 1.6E42 177
246.0 C 6.5E+0 8.7E+0 747
330.0 A 4.2E+1 4.6E+1 .900
330.0 B 2.8E+1 3.5E+1 .811
330.0 C 2.9E+1 3.2E41 .888
390.0 A 2.0E+1 2.1E+1 .948
2 390.0 B 2.7E+1 3,.5E+L .776
390.0 o 4 .3E+1 5.1E+1 .845

v vﬁ'vVv-v
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Table VIII i
[—
3
: (b) Likelihood function values for measured source MB1000. >
-
RANGE  ASSUMED (ASSUMED) (ASSUMED P 4
meter  SOURCE P\SOURCE Pmax\SOURCE / Pmax _
20 A 1.6E-71 3.6E+2 0.
: 20 B 4 4E+3 4 .5E+3 .973
20 C 5.6E-8 2.7E+3 0.
I 41 A 6 .6E+2 6.6E+2 0. ]
41 B 1.4E+3 1.4E+3 .964 4
4 C 9.5E+2 9.5E+2 0. 1
[ 83 A 3.2E+2 3.2E+2 0.
83 B 1.2E+3 1.2E+3 .983
k 83 C 4.3E+2 4 .2E+2 71 4
! 124.5 A 1.3E42 1.3E42 0.
§ 124.5 B 1.4E+2 1.4E+2 .993
! 124.5 c 2.1E+2 2.1E+2 AR :
1
‘ \e 166.0 A 9.5E+0 1.2E+2 .078 —_—
E 4 166.0 B 1.9E+2 1.9E+2 .984 1
3 166.0 C 9.4E+L 1.7E42 .548
F 246.0 A 2.6E+1 5.9E+1 .436 1
[ 246.0 B 1.3E+42 1.6E+2 .8141
‘H 246.0 c 4.7E+0 8.7E+0 .541 ¥
330.0 A 2.9E+1 4.6E+1 .636 ]
330.0 B 3.5E+L 3.5E+1 .994
{ 330.0 C 2.8E+1 3.2E+1 .869
3 1
: 390.0 A 1.7E+1 2.1E+1 .791
P 390.0 B 3.4E+1 3.5E+1 968 1
390.0 C 3.6E+1 5.1E+1 .708
3
%
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Table VIII

P e ——

(¢) Likelihood function values for measured source MC1000.

RANGE  ASSUMED (ASSUMED) (ASS UMED) P
meter  SOURCE P\SOURCE Pmax \SOURCE Pmax
20 A 4.0E~71 3.6E+2 0.
20 B 3.3E-13 4 5E+3 0.
20 c 2.0E+3 2,7E+3 .752
41 A 1.8E-48 6.6E+2 0.
41 B 3.7E-4 1.4E+3 0.
41 c 6.9E+2 9.5E+2 .729
83 A 1.5E-8 3.2E+2 0.
83 B 5.3E40 1.2E43 .005
83 C 4,2E+2 4, 2E+2 .963

124.5 A 9.2E-1 1.3E+2 0.

124.5 B 9.0E+1 1.4E+2 .645
124.5 c 2.0E+2 2.1E+2 .981
166.0 A 2.7E+1 1.2E+2 .226
166.0 B 1.1E+2 1.9E+2 .580
166.0 c 1.6E+2 1.7E+2 .936
246.0 A 4, 4E+1 5.9E+1 .755
246.0 B 1.1E+2 1.6E+2 .705
246.0 c 8.5E+H0 8.7E40 971
330.0 A 4,1E+1 4,6E+1 .898
330.0 B 2,9E+1 3.5E+1 .834
330.0 C 3.4E+1 3.2E+1 .970
390.0 A 2.0E+1 2.1E+1 .957
390.0 B 3.0E+1 3.5E+1 .853
390.0 c 5.0E+1 5.1E+1 .978
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Table VIII

(d) Likelihood function values for measured source MA100.

RANGE  ASSUMED (ASSUMED) (ASSUMED) P
meter SOURCE P\SOURCE Pmax \SOURCE Pmax
20 A 1.8E+1 1.1E42 .159
20 B 5.8E-111 8.8E+2 0.
20 C 4.8E-72 5.1E+2 0.
41 A 1.4E+2 2.1E+42 .643
41 B 1.5E-34 2.7E+2 0.
41 C 8.0E-20 1.8E+2 0.
83 A 1.0E+1 1.0E+2 .097
83 B 3.2E-4 2.2E+2 0.
83 C 3.0E-1 8.0E+1 0.
124.5 A 8.3E+0 4.1E+1 .202
124.5 B 6.9E-1 2.6E+1 .027
124.5 c 4.4E-1 3.9E+1 011
166.0 A 6.1E4+0 3.9E+1 .159
166.0 B 9.1E-1 3.6E+1 .026
166.0 C 1.1E+0 3.2E+1 .035
246.0 A 4.3EH0 1.9E+1 .230
246.0 B 4 .8EH) 2.9E+1 .165
246.0 C 4.3EH0 1.6E+1 .266
330.0 A 1.3E+1 1.5E+1 .879
330.0 B 5.6E+0 6.5E+) .865
330.0 C 5.4EH0 5.9E4+0 .922
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b Table VITT
B |
- (e) Likelihood function values for measured source MB10O. . j
A RANGE  ASSUMED (ASSUMED) (ASSUMED) P R
i meter  SOURCE P\SOURCE Pmax \SOURCE Pmax -]
{ 20 A 6.0E-28 1.1E+2 0.
r : 20 B 7.5E+2 8.8E+2 .847 ‘
20 o 6.5E~2 5.1E+2 0. ¥
. 41 A 1.3E-40 2.1E+2 0. - 4
41 B 1.8E42 2.7E+2 .695 ’
- 41 C 1.0 E+1 1.8E+2 .058
83 A 6.7E~8 1.0E+2 0.
83 B 1.3E42 2.2E+2 .599 1
? 83 C 1.7E+1 8.0E+1 212 -
* 4
124.5 A 4.8E~1 4.1E+1 .012
E 124.5 B 2.3E+1 2.6E+1 .891
[ 124.5 C 2.3E+1 3.9E+1 .585 ]
L ~
: 166.0 A 9.5E~-1 3.9E+1 .024 - 4
166.0 B 2.2E+1 3.6E+L .617 o4
166.0 c 1.3E+1 3.2E+1 422 ]
246.0 A 2.0E-1 1.9E+L .011 §
246.0 B 1.8E+0 2.9E+1 .063 ]
246.0 o 1.6E+1 1.6E+1 .010 :
330.0 A 5.8E40 1.5E+1 .389 ]
330.0 B 5.8E+0 6.5E+0 .898 k
330.0 c 4 .5E+0 5.9E+0 772
3
o
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Table VIII

(f) Likelihood function values for measured source MC100.

RANGE  ASSUMED (ASSUMED) (ASSUMED) _P_ B

meter SOURCE P \SOURCE Pmax\SOURCE / Pmax ]

1

20 A 1.1E-24 1.1E+2 0. 3

20 B 1.4E-2 8.8E+2 0. 4

20 c 4.3E+2 5.1E+2 .854 :

o]

41 A 9.2E-38 2.1E+2 0. -

41 B 5.0E+L 2.7E+2 .187 4

41 c 1.1E+2 1.8E+2 .608 -

83 A 6.4E-6 1.0E+2 0.

83 B 7.8E+1 2.2E+2 .350
83 c 6.0E+L 8.0E+L .745
124.5 A 1.2E-2 4.1E+1 .003
124.5 B 5.1E+0 2.6E+1 .201
124.5 ¢ 3.0E+0 3.9E+1 .077
166.0 A 6.8E-1 3.9E+1 .017
166.0 B 5.2E40 3.6E+1 .146
166.0  C 4 .6E+L 3.2E+ \147
246.0 A 1.3E+1 1.9E+ .706
246.0 B 2.4E+ 2.9E+1 .810
246.0 ¢ 1.4E+] 1.6E+1 .875
330.0 A 2.3E-1 1.5E+1 .015

330.0 B 1.4E40 6.5E+0 .219 -

330.0 ¢ 6.8E-1 5.9E+0 .116 *

-

1

- 9

]
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Table IX. Results of "matching" using
the likelihood function

Range
i(new-\ ma /000 | M4 100 |MB /000 |MB /90 [Mmc /000 |Mmc /00
L0

Y/

Q3

1298

164.0

245.6 +

330. + +
390, 7 Yy Y

+ Wrong match indicated.
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technique and the photopeak technique, the range where photopeak iden-
tification can no longer be utilized must be determined. Some subjec-
tive decision had to be made based on the spectra generated. By looking
at the "good" and "poor" spectra, the range of 166 meters shows that
most of the initial source structure has vanished. A way to interpret
the range limit for photopeak identification is to picture the measured
spectra of Source A and Source C (Figures 6 & 8) and their Source Spectra
(Source B is excluded because of its lower spectra bins, i.e. easily
identified from the other spectra by its upper bin limit). At this
range it is becoming difficult to look at the spectra and identify the
correct source. Therefore, the 166 meter range will be considered the
maximum range limit where photopeak identification may be carried out
successfully.

In order to help justify this range, a look at the mean free paths
for a couple of the primary energy groups .8-~1.MeV and .15-.2MeV trans-
lated into 1.5 and 2.8 mean free paths, respectively. This distance
does not seem to be a bad choice, since the probability of the photons
scattering is 77.3% and 93.9%, respectively.

The decision rule results indicate a rather large range extension
for identification. This extension is by as much as twice the photopeak

range limit, i.e. 166 meters compared to as high as 390 meters.

Source X: The Non-Library Source

Table X shows the measured coefficients of measured spectra X and
X100 with the library matrix. These coefficients along with library co-
efficients are plotted in Figures 29 through 34.

Clearly each decision rule will always indicate the wrong match.
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Table X.

RANGE

20.
41.0
83.0
124.5
.0
0
0
0

166

246,
330.
390.

(meters)

0

Coefficients of "Good" and "Poor"

matrix of source X

MX1000

(.431, .624, .649)
(.598, .669,.701)
(.814, .805, .853)
(.899, .848,.890)
(.954, .895,.934)
(.957,.938,.967)
(.970,.935,.973)
(.965,.916, .954)

67

MX100

(.238,.164,.557)
(.536,.594,.557)
(.750,.860,.903)
(.888,.784,.844)
(.898, .845,.868)
(.916,.839,.894)
(.976,.923,.977)
N/A

g ——

Y PP RPNy

- o

B

PO




e

Coefficients

———

B e Semme mesn eunr

N
-t
= o X ,,
— o = e o o o
g ............... § IR T %
ey PR - SR Bo--- 4
o A
S- a0
-Q.",,
® .."'p'
=
4 -
Q
O e )
S
,[;j
{8
<% ¥
S1 v LEGEND
P ® = p(MX,LA)
' B = p(MX,LB)
/ ¢ = p(MX,LC)
/ O = p(LA,LA)
g’” : 0O = p(LA,LB)
} 5 S saato
=
(@] : I |
0.0 100.0 200.0 3000 400.0
Range (Meters)
Figure 29. Measured matrix, MX (unknown: Source X) vs

library coefficients of row 1.

68




Coefficients

12

' w

o r—

H-?—e——@—-—.e____e___e. o 9
............. 0....-..............0
¢ o . R SPUPEIE G
@ g /*g
a? ,~'. D’ =
O - '..' I’/g
&,
S P
o - B l’
© 2,’
..'@/
id
+ .o'-l/’
A )
Sq ¢ LEGEN
'[;] ® = p(MX,LA)
I, oz = D(MX,LB)
/ ¢ = p(MX,LC)
' © O = p(LA,LA)
N t
S 0O = P(LA,LB)
’ "o T p(LA,LC)
3 = | .f.=
o~
o
! T -
0.0 100.0 200.0 300.0
Range (Meters)
Figure 30. Measured matrix, MX100 (unknown: Source X) vs

library coefficients of row 1.

69




AN SAGE 3 Af

TV

library coefficients of row 2.

70

- N
L' L
. o
i —$—-o-—6—90 & © : ©
O g et g e‘—-@
O R o e e = bt ‘Q
0 @ @ -7
o) #”0 ¢ o -~
S - g .U
(4
o e 7
a 3]
8 ol ¢
— O = ,’
G v
4y K
QO
o g
O !
< oy
S . LEGEND
; @ = p(MX,LB)
! E =p(MX,LA)
:' ® = p(MX,LC)
; 0 = p(LB,LB)
Sy _O__= p(LB,LA)
] ¢ = p(LB,LC)
=
o
o { |
00 100.0 200.0 300.0 400.0
Range (Meters)
Figure 31. Measured matrix, MX (unknown: Source X) vs

N G




Coefficients

N
L]
o
- P—6—06 O- o o- o o
I e, R
8 ® _.----" Booomeoooe 8
.0 ® o
| ® e o
@ o
O o
®,’
4
© /
O e )/
¢ ¢/
,d
< /
S o LEGEND
?n ® = p(MX,LB)
II B = o (MX,LA)
' ¢ = p(MX,LC)
| 8 O = p(LB,LB)
VI =
o 0= o(LB,LA)
g ® 8= p(LB,LO)
QS
o
1 T ]
0.0 100.0 200.0 3000
Range (Meters)
Figure 32. Measured matrix, MX100 (unknown: Source X) vs

library coefficients of row 2.

71

-y




T —

Coefficients

400.0

N
ey
o
—-3‘&—0 S © & S S o
B T IAIIRS ERTLTIVRCE by —‘8:..-~’.té?
o é Rt Q o
..... o = L4
O . 8”4 3
&.- O’ ® P
s8] P
O._' w’/’
Ju
4
:0] ’
o * ,"
o e
O ] 8
]
?
7
’
/
/
% g
<+ B-RB
O LEGEND
& = p(MX,LC)
= p(MX,LA)
& = p(MX,LB)
O =p(c,Le)
g D= p(LC,LA)
8. = e (LC,LB)
=
o
] i k!
0.0 100.0 200.0 300.0
Range (Meters)
Figure 33. Measured matrix, MX (unknown: Source X) vs

library coefficients of row 3.

72

r

i

-
-

1

k|

1
-
!

{

{

wth j



8 r——**"*"v MO

Coefficients

N
—t
o
———O OO e —— O
O O _'_:'_'_'_"_'—lﬁ‘-’." ‘—--"“'E
© B R e
& .07 g '
© ,/@ 4 3
O e
B
4
/
/I
© )
o 4
o k
e
«b
o - LEGEND
& = p(MX,LC)
¢ = p(MX,LB)
& _© = p(LC,LO)
& 0 = p(Lc,LA)
o & = p(LC,LB)
=~
o
1 R T
0.0 1000 ~200.0 300.0 400.0
Range (Meters)
Figure 34. Measured matrix, MX100 (unknown: Source X) vs

library coefficients of row 3.

73




. i
!

'VY“V*" "'“"T

What is needed is some method able to discriminate Source X as a '"new"
source.

Examining the coefficients of Table X shows that there is no clear
"dominant" coefficient at the low range, i.e. less than 124.5 meters.
The magnitudes at these low ranges differ from the large values found
from the "good" and "poor" coefficients for the correct source. To ar-
gue that these low values indicate a "new" source would be hard to jus-
tify. Even if this statement could be justified, this low range is with-
in the photopeak range and therefore, adds little to the analysis of X

spectra.

Detection Time

The minimum count time based on a spectrum consisting of a total of
1000 source photons will be determined. The count time determined is the
minimum since the same results are desired as the ones with the "good"
spectra. The 1000 photons were chosen due to the simple fact that 1000
source photons were used as input for the generation of the measured
spectra.

The minimum count time will be based on a g-sec basis so that know-
ledge of the source's mass can quickly give the minimum count time needed.

This problem will be based on the source spectrum of B. The source
spectra of B was originally based on a 5:1 mass ratio of U:Pu. From the
relative amounts of the source spectrum, a source intensity may be found.

Table XI shows the finding of the total intensity of Source B,




v
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Table XI. Total intensity determination
of source B

ENERGY SOURCE INTENSITY EFFECTIVE
BIN (KeV) SPECTRUM (%) MATERIAL (1/g. sec) INTENSITY (1/g.sec)

450

.1043 py239 3.4E4 3.55E3
400

.100 pu3? 3.4E4 3.4E3
300
200 p23 4.3E4 2.85E3

6

.796 : T

100 Pu 1.4E5 1.86E3

TOTAL: 5.4E4/g. sec.
The minimum count time can be determined by the following
equation,

1000 * 47 (Range) >
IO % Area

(1)

Count Time =

where
I, = Total intensity of source in 1/g. sec.
Area = Area of detector face

For source B I = 5.4E4 photons/g sec.

substituting into (1)

2
Count Time = :232(Range) g- sec.
Area

Figure 35 plots the count time vs. range for a detector area of 5 cmz.
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V. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The concept of utilizing entire spectral features for source iden-
tification has been investigated. The study used a simple correlation
function and employed two decision rules for determining the source of
the unknown spectra. Two scenarios were investigated: (1) each mea-
sured spectrum has a source in the library, and (2) the measured spec-
trum's source is not a library source.

When the decisions rules are applied to scenario (1) the following
conclusions are drawn:

(1). The counting of collided photons as well as uncollided pho-
tons seems to add structure to the spectrum which is unique to the source.
The added structure extends identification further than the photopeak
identification.

(2). The proposed techniques for identifying unknown sources have
merit as a possible alternative to photopeak identification based on
their success for choosing the correct sources.

(3). The "matching" of a statistically '"poor" spectrum still gives
results that are correct in most cases studied.

When the decisions rules are applied to scenario (2) the following
conclusions are drawn:

(1). The small values of the measured coefficients "might" indi-
cate that the measured source is not a library source. But these low
values are indicated for ranges within the photopeak range.

(2). Based on the decision rules the non-library spectra cannot be
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discriminated as a "new" source.
Lastly, a minimum count time was determined for source B as a func-

tion of range.

Recommendations

Based on the assumptions and observations while working on this
thesis the following recommendations are proposed:

(1). The modeling of a more realistic detector with appropriate
response functions should be considered. However, the use of Morse for
photon transport is not suggested because of its complexity. The only
reason Morse should be used is to model complex 3-D geometries which can
not be done by more conventional transport codes.

(2). One of the underlying assumptions throughout this study has
been that a detector which allows both the collided and uncollided pho-
tons produces a spectrum which can be used for extending identification.
As mentioned most detection schemes want to reduce background (scattered
photons included) and only get peak structure.

A study of possible detector types and designs which could be used
should be investigated.

(3). Using the simple correlation equation on the group structure
of the spectra was a managable task. Applying the proposed techniques
to real data would involve a complicated process. This process would
consist of setting up a data acquisition system (a personal computer
might suffice but it would be limited by storage capabilities) and the
proper analysis routine (computer program to solve for the coefficients).
The analysis system would involve finding the proper correlation tech-

nique to handle the large amount of data due to the large number of
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channels in todays multichannel analyzers, i.e. finding coefficients on
a group to group basis would be extremely costly in computer resources.

This work would lay the foundation for further nuclear spectral analysis

studies.

(5). Does the iden-

The entire analysis used a 3 Source library.
tification range increase as the library becomes larger? Do the decision
rules still compare with one another in their success rate? These ques-

tions are the basis for further study for determining correlation limi-

tations for the proposed decision rules.
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Appendix A. Photon Energy Group Boundaries -

I for DLC-48/PVC. (Ref )
3 Group Number Energy (MeV)
g 1 14.0 -
2 12.0
3 10.0
4 8.0 .
5 7.5
6 7.0
7 6.5 -4
8 6.0 4
9 5.5
10 5.0 ]
11 4.5
12 4.0
! 13 3.5 .
14 3.0 1
'F' 15 2.5
' 16 2.0 :
L 17 1.66 ]
18 1.50
19 1.33 R
Ne 20 1.0 4
' 21 0.80
{ 22 0.70
23 0.60
{ 24 0.512
25 0.510 ~
26 0.45 j
27 0.40 ‘
28 0.30 1
29 0.20
30 0.15
31 0.10
32 0.075 7
33 0.060 ‘
34 0.045 :
35 0.030 -
36 0.020
0.010
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Appendix B

2

I A. Variance of Library Coefficients, UBAB AB

The variance, 9y BZ, is determined by the following:
]

A B
Recall PAB = Zci Ci
i=1
A _ =A A
L. But actual C1 = Ci + ;i where
C, = estimated means
GB =B B 1
[ 1 -6t 4 €, = true means

‘—.—' g
(a1

[N
n

i random error

¢ The expectation of Pap 18

F N E{pAB} = E 3 ;(E‘;+c2) (E?w:?)f

- _ -A=B =B_A =A B B
pAB—Egzi: (cici+cici+c§‘ci+c‘:ci>$ (1)

now,

Because it is equally likely that the different Cis will be positive N
as well as negative, therefore the average (or expectation) will be zero.
(1) Therefore reduces to
- =A-B AB A B
PA,B ‘il: (Cici +&E 3C1';1$> (2)
1f A=B then 6P=1

1f A#B then §*B=0
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If A=B then

A2 B2
E ;cﬁcis - 01 or o,

2
AB is defined as

o<}

2 - - 2

(o)

the E operator is linear so

2 _ 2 - - 2
Opp = E gpAB 2 - ZDAB EgpAB +pAB
therefore
s 2.gf. 2] -2
AB B PaB
Taking the terms individually.
- 2
p :
—_— 2
- 2 —=A-B AB B
("AB) = (Zcici DK C?i)
i i
Case A#B
- \2 _ ~A-B-A-B
(°A3> = Zcicicjcj
i,]
Case A=B
5s)’ = 3 (6% + A7) 3 (6%t 4 o
PAB 1“1 T 94 33 3
i j
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i,j
2,
E pAB :
2 o A\[=B B ~A . _A\/=B B
= N
fog’] =e | Tt ) T+ +<3)
i h|
Case A#B
2( _ ~A-B-A-B -A\2 B2
EgpAB s = }:lcicicjcj + Z <C1) oy
i,j i
_3\2 A2 A2 B2
+ E(Ci)ci + Z o 04
i i
Case A=B
2| _ Z ~AzA-A- z ~A-A A2
E%pAB 2 cicicjcg‘+2 AR
i,3 i,j
~A=A A2 5‘ a2 A2
+42 Cicici + /2, oicj
i i,j
Therefore
Case A#B
- 2,2 - 2 2
2_2-232 z-BA ZAB
Oap = (Ci> oy + Ci oy + oy N\%
i
Case A=B
2,2
2 N zA° A
°AA 4 2 Ci Gi
i

The standard deviation is VGZ. The standard deviations are actually

standard deviations of the means since the ois where of the mean. This
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is just for the library.

2

B. Variance of Library Coefficients, ¢ .
pM,L

There are two types of error to consider:
(1) The standard error of the mean associated with estimating the

fluence values, i.e. ch -G, + ci where ¢, is the random error of the

i i i
mean.
(2) The error associated with the measured fluence C?, C? which
indicates the deviation of clf about Eli‘.
To find OM’L
- _ =L ., LY{=M, .M
oM, = E Py =E 3 Z(Ci+§i)(ci+ci>€
i

=A=-M
Ecici
i
- {2 ~L=M-L=M
3"ML£ - 2 AR

E;pmzf = E ;zi:(éli +c'{)(€’i4+l;lf)32

This reduces to

2 _ =L=M=L=M -L\2 MZ M 2 L2
E%“ML 2 = Z €400y + Z(%) oy * Z €)%
i

1,3 i

=L L\ (=M M
(Cj + Cj><cj + Cj) g

2 2

L M

+Z %y 9%
i
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Therefore

N [\ M2 ZE -m\2 1.2 L2 M2
= Z(Ci) ai + (Ci) Oi + oi °i
1 1 1

Now E? must be estimated by assuming a source L such that

E& = E? since no estimate of Ei is available, i.e.

CI‘; <from single)# EL

batch i

while

CL avg estimate after}) _ EL
i \ many batches i

2

In a similar fashion OT must be estimated. Since o? corresponds

to the variance of the data and not the mean, the relationship between

the assumed library source is

M2
GLZ _ A
1 N

where N = number of batches used in estimating the fluence mean.

For the 1000 photon case

and for the 100 case

M2 2
oy =10 % N x o}
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Since counting statistics says that the estimates should vary as

the V intensity.
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Appendix C. Distribution of measured estimates about their
library estimates.

LEGEND FOR APPENDIX C

Bin (KeV)
Library (Counts/Photon) Measured Number of
Standard Deviation N/A s.d. values
of the Mean (s.d.m.) are from library
value
Bin (KeV)

88

- .




saauS“‘”‘ LTokuer

g ﬂ&!‘!u

5 94. -ll
E-

3. l43 2!

l 7 12'302

X %‘é&g-m

il
- 1§45 8%
" 28521

",

Pl
e,

- 9'??2§7!!Zaz

1'393558'303

OSE-IIZ
3.462E-983

Py

Pl
I,

ms.z':..

l I| +000
0E+2ae

RANGE=20, #
NEASURED A-1000

i
“{inltin

3. 548E-202
.080c+da0

i
it
T
R
" §ihat e

Pt i

i

e et
T 5%
"3‘356%.

439€-992
l S00E+000

Gt e

& tha e

0.080E+200
9. 000t +200

BO0E+90
l 206 +009

B.000E+000
§.800c+q00

89

8.8e2c+328
-, 340E+000
-.889E+000
3.808E-08!
3,387E-001
3,375€-003
5.059E-401
1,BA4E+30Q
3.890E-081
5.695€-901
-, 125E+801
1.162E+008
- 237E+088
1, 16064200
1.151E+e00
1.378E4008
4, 384E-081
f.0gec+300

#.2e0c 000




=

| - DR [

2

S
"ﬁiﬁ%!in
" s it

g 7
- 2"‘3552‘1&2

Pl

.IS7E |
1.914E-p02

17E-Olg
871E-883

;
e ey
o

4E-08
9226~ 312
BE

6

i

3'

A38E-2492

'1
1,205
{,

7
£, 20'
2.1

226-802
£-8)
81E-802
£-04]
T1E-802
1%, 436007
s "1,599E-802

3.813E-00
1.0955-%02

2’??‘552 302

1.580 £-04
6. 877E- %GS

7'739553 -904
0

1.608E-89%
" 6.720E-205

3. 000E+000
0. 000t +200

P p——

"“§§§§ﬁ§en R-lﬂlﬂ

il

4,261~
i.000 »ios

>Rttt
2"37§agalaa

2.674E-002
g 280e+800

1. 353E-001
gOGE+OBO

b5E-882
%.OIEE+BIO

4, 0595' %

.S57€-202
3.0005*050

9.483E-982
I.gﬂlEOUGB

1. Q44E-001
2. 000¢E 000

52E-081
00E +080

1.2
2.9
4,58BE-0
6.90 050000
9.784E-203
9.000c+000
1,9426-007
9. gllE +800
E AN
U0E+a00
-09
OE+
+
0
8

3
)
£
g
E
80e+990

5.48
0.8
1.571€-093
2. 000¢c 000
B
" Plaatthoe
0.000E+a00
2. 000E+9

+9
L3

90

T

-na

2.200E+208
9.671E-024
- 198E+000
8.868E-002
-, 531E+000
- 116E+R0
1.056E+000
- 942E+090
-.591E+800
-, 279E-281
9.210E-081
- 241E+200
-, J36E+000
1.858E+200
9.317E-201
1, 69864008
-, 966E+200
2.393E-201

0.200E+200




o

gAY

"l

1. )
- it

“ il

™
1.67T7E-48
™ ?.ll7!-‘l2

e
e
. ”ii-!'ios
?'lie!'iu
"&57!'1¢z
L

i}
1.198E-08
g

X7

.o
o

"5,
' i
i s
l ll'Eolll

l ll’Etglze'

HgiSURED A-1008

gy o
1l
2 el
"8.‘35.1!&..
T
" {05680
*{outn
> Elalt
"800
y ¥ (7
i1
aK T
" bhatodes
il
" § Tkl
“E ikt
> i

" i'liiéfﬁea

E+000
80!6*000

91

VI&TIgN

9.900E+000
-.288E+000
= 954E+000
- 122E+98
- S22E+009
- 64TE+Q0
7.3178-982
1.672E-981
1.919€-091
4, 166E-p01
1.415E+080
1. B93E+000
=, 728E+32
- S14E-0%1
-.183E+881
-.B19€-001
~. J30E+001
0. 000E+200

2.000E+200




s»i.

1
T

A maane Mng 8 M/ ————Y v e v P > — - > v —~———w
- { : -
. 3
. . P S \ .8 ] i s i ! ] 3 Il X
M |
i
|
F - — — - — — - — — - — -— — - [ — - — =3
(=2 4 (-] [--] = (") o= -~ - [~ - - = - - = [ = - (=4 =
ek - J - -} - 4 L4 - L. (- J = o= - = o« (-] - (- - (-~ =
—iad < ] 3 & ) ) < & [} 4 ] [J [ -+ -+ [} -+ [] +
<X w wh wus wl i ws ws wt wl wi wi us 1w Las (] s [T7) w At
-— - - w3 ~D - - - - - ~0 o~ r~ ~3 o~ ” = w2l o -
>x (-3 ~ | e - ~ o - ~0 » o~ r~ - w3 ~ ~0 [Te d -— ~0 =
[¥3 [ - ~ o« o~ o~ - ~a R ~» » -— ~ -~ "~ ~”> oo -— w» -
=14 - - - - - - - - - - - - - - - - - - -
w (") ~0 ~ t ~0 wn ] L] o ] o~ - ~O - L) - ) o4 - L
o
[- 4
-
-
= -~ = o= - (=3 -4 = -4 - -3 - -4 = - -3 [-—3 [-—J o [-—4 - [=-3 =)
<X o (] (-4 < [—d - = -4 - - -] = - —J = o= (-] =] =
v PR (NG (N D (N D N N e D YR =D NED CNED CNER NS D e wSs o
e d - 4 o 4 o 4 - 4 - 4 - - - <+ -+ =+ - 4 -+ LR -4+ L “ad < > w4 - -
-will) i) H TRl Bl Dl ol Bl Bl Pw Sl Sluy hul S B Sl WBWw S W W [«)Y
i 4 < B [N -] [N-—3 - 1= (N4 (-] [ 1 D [ K- - [ [ K- -J -] -4 K- -4 + 53 -+ 59
—T WD LIS LW WS W WM WS WS WS W WS WS wWwe We wes W (Wwee Wwe We
NN GG NGB O wE O SS8 we oo N NS SR @S 0 YR NR o8 e "_nl O
EAI.'.B..&.6-5.«1.‘.‘.2.2.6.0.l.qas.e.o.l.
“P.IH.— -1 ] s tNES O 00N M M oS bl - — NS oe oo - R o [ -] | DR
- . . - - - - - - . - - - - . - - - .
M - ™~ — -— (o] ) - - 0 — — - o ” ~— (o] o3 - -
<X - [ ] ” o~ (] ~ [ ) ~” o~ [ ] o~ o~ o o~ o o - [Ted -3
[=] - = -4 = -4 = L = <« -4 —J (-3 - [--3 3 (-4 = = =
e BE (NED (NEB @ NEB NS NE & NS — —fl R R NG (NER (NEE MR oW S
o &4 - -] - o } =t -] = v - - - - - - -1 - - -] -
T SN B B Sw Ll Rl S O MW MW B DY D WL Sl Dl Dl W S
- N4 + B [N [ g [ ad b — [ 1= i ~0 [ K 1. [ "o [ [ e~ [l "o - R
—~ 0 WD WY ey WY L~ [ e L] o~ Wuiu [PV B VY o) [TV - "R YV L ond [V Lad= Lasw— [V T B VYV [ oD e
[ L - Mo~ M-0 D -0 - ~D - w0 By MaR WM NS ——r— -3 oD D) - -y -y -1
—— E e+ ™ e I~ e« TO e O o P~ O & t~ + O e D o O+ M s OO+ WD N+ B - — a &
W B Ouw DM wwwe (NSO WD P00 O~ W M 0 D @ WICE O N D0y D RS
. - - - - - - - - . - - - - - - . . -
w - ~ - — ”» wd L] ~ o — - — — ~~ -0 ~ ) - -
[+ %
D - [ g (-] - - o~ - - -~ - - = w3 [~ w) [~ (=4 =
[= {4 (-~} - [cd [ -] -— -— w2 - - - uwy = -~ 0 -t [ [ -—
“1\- o= oo r~ w2 w -t ~» ~ -— -—
— -—




\ ane : ™ v \ aanas b aa |

x
=) - -3 — — -— -] — (-3 — -1 - — — -— -] — -— - -3 — =
f — = (-~} = [--J = -~} - o= = = = (-4 [- - - o = = = o
—<t (-] = (-4 - o =) - L = = (-4 -« - - = - = o -
<Xist -+ [) & ] -+ [) -+ 13 R [) -+ ¥ [} - -+ [} -+ ’ -+
= wu (V3] t1s (V7] (7% w o s ud w w s w w Wt w L w [V7)
= = o —~ w2 » -— - o~ ~» -3 r~ o~ (] I [ ~O o~ r~ -
3 [Y¥> =4 = ~0 = ~0 " w — w o (] w3 ~0 » w2 - "~ ~0 o -
Dﬂg“ - r~ e - -~ o~ -r »> ~ ~0 -— (o) o~ -— -— -0 ~0 — -
- - - - - - - - - . - - - - - - - - -
a = [ aed ] v o~ [ -] [} - [ -— [} ~ ~0 — 1 ” t -~ -
b
=
o=
-
—
) - [} -4 -3 = o L4 - o= = = L--4 = = = = = = = ™
<< (-3 -] - (—4 (-4 = - - b —d = = o -3 = [ - (—4 (-4 -
M (N TN NS NG CNED O CNED (NG v —=fP 0 NS N — 0 NE M5 Bm SO N
= 4 = 4 - > R g o+ - - - 4+ | - - 4 - 4 - - - 4+ [ e w4 .=+ - - - 4
Ol Bl W SBu SDw S Gl Gy S Sl Sy Bw SOw S Sw W W SOuw e SBunl
r ~oos -+ [R-—3 [ 4 (-4 [K--4 1 1= [K--3 1= 15 -] 1. 1. -] - " - - + €0 + =
) WM WP W WS WS WS EM WE WEE WM WSS WS WIS WS W WS WS Lwed  we
NU D D D WS 6 MER & — O O N W W S O S5 08 5050 oW
WL 5 = «F + W o ) o Mr o OO > wf « (4 s W = O =+ M = &F o N » N O = N + @O - 5 -~ S -~
“m - ~e we e OB NS = e e D "M s - M — Ve N o e
: < [ — — -1 -— » ~ L] o — — - o w — -~ -r - =1
o
XX - ~ >~ ~> [t » ol » o3 o4 o o~ o4 [ d o~ o4 ~” £ -
< -] L- -4 (-3 (=] = -4 - - [-- o= = (-] -4 = o= - =2 4 o=
—3 EED NI N NS NED NS [ d CNED NS -} N — — o NI (NER S D SR A
o e - - -1 [] - - ¢ - - - =\ - - A} - - - - - [ hd
X O S S DL W U Pt W SOu Dw ®SEIwW M S DWW W D Rew SBw W k
.. 4 - O [ - ) 10~ (K- 1 v e~ [ [ [R5 - LN [ - + O~ [l [ e "= 4
r ~a (¥ e B VT L BV | LI~ LR WD W wee WA w0 Wit A LY Seand (YY1 24 LY e [¥¥1"p) Lad--r [y
= W0 - - =0 M- - WIM) W O Ol e I+ DO NN O NO- |- N O~ -
——d @ e« e e Q0 ¢ Uh o ~v e« PP o wa s 1 o WY s M T~ e e M3 2 D e v e ) - -
w CE O =) ~=0 GO I DY) =~ Dt NN D08 O ) 00N 08 N 00 ) RS
- - - - - - - - . - . - - - - - -
wp - - - o© o~ ” L) [ w -— o -— — - o -y (3] — -
D - - -3 - - o~ - -« - - - - = ul o (o) - (2 -
. o - (-] - = — ~— Yy [ [d = I = ~ 0 - - ~ -
“3 - [~ -] r~ ~0 w? w2 - ~ » o~ - -—
— —




-

Tr— T—— g _—— — T—

COUNTS/PHOTON
GQQUP LIBRARY A

]
8.000E+200
9. 000c+802

1.974E-002
2.192€-083

3

-
o

L
-
NER rar-
-
[)
-1}

3
maa M
[ 2] -

24E-283

~
=
(=]

N B~
~“Oorn 1aa]
~3 &

03

o
[-
(=]
[

~ e

L]

.
=
- >
S

™

£-8a3

ot
mes
L cd

6

.438E-002
.957E-883

~
—

~

S -—o
on

wor <o
™

-382
T6E- BBS

T{E

82
99E-0883

Sl

S

-0t
-

o
—
(=]
~ -0
[ 1agd
o 1

2
A -802
o 300
‘ ® 9.27

~OtA
]

2
-202

-
mea M Mo
- b

- —rD
|

-ord
—

~0 B [N Y]

15

~»
F- -~ ~rD
)

-3

RANBE=245 M
MEASURED A-100Q

8. 00RE+d0E
#.980E+000

1,161E-802
.00E+208

2.8

. |01E~082
#.000e 000
1

!
3.1 14E-087
2. 280E+00

2,263E-082
#,000E+200

1,333€-002
o, 2aE+00

2.086E-092
f.oeec+000

2,138E-082
0.000E+028

5.843E-002
p. 003t +R00

’ 96 Elg ‘ll

5. 602E-002
. 008t +208

1,368E-08
BeQE+o00

8.

452E-002
g.000E+200
9

4,939E-082
&

8.

9E-
9. 8¢0c 00
.220E-002
@.0020¢E+28Q
1,833E-082
¢.900c+202
6726-084
0 pOAE+RER
0.000E+000
9. 200000

0.000E+000
f.000E+000

94

s P S g

DEVIATION
FROM MEAN

. 0PRE +BE
- 40ZE+000
-, 240E+881
1.487E+000
-.485E+000
4.296E-001
5.462E-001
5.072e-001
2.00:€-001
b.729E-201
8.682€-001
- 417E+000
2.213e-001
6.212E-901
8.591€-001
1.283€+008
7.046E-001
2.898E-e@!1

0.000E+200

e ad




T T

‘r
!
»
'
'

—g - = m—— =

COUNTS/PHOTON
GROUP LIBRARYGA

330
i.iﬁﬂE*BOg
8.800c+208

5.488E-003
1.157E-BB3

3.503E-883
1.190E-003

B3E-002
. 2756-283

.

-
-
15 Ll ~~0

o o
. .

[==]
ol —h ~-O™y
<4

w

wn

RANGE=3&3 N
MEASURED A-120Q

0.BRRE+a08
0.000E+200

4.863E-90
B. 008 t%lﬂ

4,720E-883
0.0800c+080

2.198E-082
8. 200t +200

1, 494E-002
#.000c+000

4,131E-003
f.eoge+pee

1.374E-202
@.200E+00¢

2.836E-082
9.000¢E+200

5.5705-00%
0.0800E+0200

5.108E-882
0.890e+002

3.2636-202
g.000t+008

9.076E-002
f.200c+200

5.687E-002
B.00aE+RRQ

9.70RE-902
2.000¢t+200

1.2195-006
2.000E+000

4,600E-00
D.GEBEO%QG

1.006E-083
.9000¢E+000

f.000E+000
f.000€ 202

{.000c+a88
9. 800 +20Q

95

9.000E+800
5. 263E-201
-, 103E+281
-, 938E+208
-, 143E+001
9.884E-801
3.394E-08t
-, 1B4E+BR1
-, Jp4e+081
4, 118E-281
9,962¢-081
- A35E+000
5. 676E-001
-, 154E+001
-.280E+001
-, 11BE+20!
5, 954E-201
3.823E-001

0.02082E+000

T Ty

LI A Jives S an s s aaen

—_—

D




- y p— F P P —p—— ” W ” \ 4 - T ™ v \ —~——
. . P . . . :
~ . 1 .

2 = (-4 -— -4 -4 -~ = < (-4 pngd — [~ — (-4 — -— -4 —— pusng -]
[=3 4 - - (-3 - o= [ = (-] - = = = = L=~ (-~ o [-~4 - =
L X - - = o = - _J (-] o= - - o L) = = (-] L] L4 (-] = -
il <+ - & < 1 -+ -+ < 1 s + + + -+ [] <+ ’ ] -+
<TX w s L4 At s (YY) w wh w Lt s [77) wi w A w s tas wut
[ - — = w - - r~ o o~ ~ o~ = ~” -y wr» "z L d - -
> o o~ ~ — o« » - ~D [ed (-4 o~ ~ L 2l - r~ Eand ~” = L=
Mm - o~ oo (o] o o ~” ~ o 3 — — [Ty —— ~0 o9 o - -
- - - - - - - - - . - - . - - - . - -
u (] t ¢ o o - o~ - o~ o~ ] ~ ] ) [ 1 ~0 - (]
=
==
-
-
x == o> -4 -4 = = (-3 - (-~} -4 = < -4 (-4 = = - - < O
-4 - - -4 = - (=] = - = -] -« o= - (=] - b4 == -4 -
M ME MO MDD MR e MR MR NS NE N oSN [l [l -] NED (N W) N 96 [«)]
= R - 4 - - 4 = 4 =+ - & <0 4 =+ - 4 -3 -+ = + -k - 4 - - R4 o - 4 2+
B U SW L D Pl SW SiwW SW SWw PW O SBwW B Bl S il S W S
o~ (K3 -3 [N -] [ -3 -4 + & K4 -] -1 1= -4 - (-3 - 19 [R-—4 1 -+ o +
MDD WS W W W WS W WS WS WS WS W WS WS W WE WSS WS Wt WD
" 3 e S M e =1~ _Bo NS - — NS - O oD NS MR O - e -
MICE e o J~ o «F o O o v+ o @@ « w + O D =« P = =2 e o= o o s O s =+ O e O » B - £ -
FNU“ MR S NI IS S SR O ME MR OER MR O S NI (DS M -t e e
MRH L ~ ” w —~ - -r ~3 ~ ~ ~ - -3 uy =~ o~ < - =
be
<X - ~m ~> ~ *~» -t *~ >~ ~> [ [and o4 o4 o3 o~ *r [ wy (-3
(=) (-4 -3 [ = o2 (4 ("4 = (-4 = - (-] -4 - = (-4 = -4 =4
| ot - o MHe NS MO s R (NS NG CNER (N5 CNED (O oNea NG CNED [l ] ~De -
oo - 4 - N - o0 = - = - -] =1 o ! = == - - -1 - - = ¢ = |-~
T TV} WL Wi B S S S SOW S D =ital B eSOl s 0w [ 1] il R S
ac +8 " m [N (K] [ xd 1 [ 1 ~0 3 ) ' 10 [ [ o " - | D *09
00 W Wi (VY e (VI B VY o B VY o b [¥V]"es (¥ Lo (YT g L=y (VYL 4 i WaD R - [V e s -O wes
Nee D r~cN O ~O0 —_— -0 g Lo L A "y 1 o - 00 —r - o — -—h - D o= - SN O aee
—— B - - . = . ™~ - aa . L [= = 33 ~” . [+~ IS -0 - = - " -t (=] 0= . Lt a4 x> © .
W D v thas a0 T3 0 0204 SN W0 OO vt e DR Ce Cauy =F 3 [ab 2N =1, =)
- - - - - - . - - - . - - . - . . -
mP - (=] o4 - @ o~ o — o~ 153 o o -t -r w (3] 4 o. -
=2 L-3 -4 -4 = c = = (-4 [ = = - v (-3 us = (=] (]
[= » - [ - -— -— w -3 - - (Tl - ~—~ -0 -t £ L] -—
ms (-~ o ~ O v w -3 -t » o4 -~ -—
- —

T TR . SO e W




COUNTS/EN TDN

?ggUP LIBRARY B
9.008c 08

CRCTI

I RRRE+ Bﬁs
2. 0eeE 200

1
8.008E 802
¢. 2904000

2.200E+200
f.8gec+008

8. POOE+280
2. 0ec+00R

8. f0AE+000
0. BE0E+BER

518
2.008c+a0d
f.000E 200

458
7.940E-002
1.883E-202
4ee

463E -082
.B57E-B02
380

2 445E -292
.{24€-882
00

5. 6BAE-00)
1.477E-022

1.759E-a8t
4,177E-802
189

3 ATAE-RRC
1.582E-082
75

4,879E-9083
6,789E-203

500

512

154

G.GBEE*BGB
¢.0e9e+200

2. BG !lﬂ
1.000¢c+200

2.000E+R00
p. 200 +000

E.!ﬁ E£+300
.00 +000

8. 000E0000
2.e0c+220

2.0peRc+2pR
p.egge+a

8. aegc+aad
@.BaeE+dR

9.359E-082
2.000E+208

1.026E-081
0.080E+090

1.4635-802
9. 00E <200

6.577E-08
B.BGBE*GQE

1,584E g
0. 880E+020

3.163€-992
¢.88ac+208

1.351E-0082
9. 802t +200

1,279E-882
2.002E+00¢

2.00RE+200
¢.00ec 000

2. 000E+Q
B.SﬂﬂE*ﬁﬂB

2. aeE+000
¢.000E+200

97

8.800E+000
¢, 0eee+200
p.o0gt+d00
#.2g0E+200
#.908c <000
9. 000E+220
.900¢€.002
- [41e+88t
-, T54E+20Q
8.735E-001
1,7576-00¢
4,191E-0201
-, 748E-002
- 1274081
-, 250E 4301
0. 000E+000
2.g0ec+20
0.080E+020

3. 208E+000

..

PP §




PP

BN Bute 4Bme cone e

) y A . ‘
a e ;4|h..-i,irb - s

DEVIATION

RANGE=20,

COUNTB/PHOTON

= -]
* (- [
«x - (- J
& I I
(-3 o«
= - o
=] - -
as - -
LS o= ]
[-—4
-
-
-
1 -4 -
(&) L= -3
R -
[ - 4
w eew S
o -+ B [ -3
=2 W wee
U3 S =
< B - DD -
L O N
= - .
- (o)
[ ] = o~
= L=~
> ERED D
x e o
<< DWW DL
o 4 B [R-=3
a0 Wil W
- R W
- B e D .
28 N—
- -
- o~
(-5
Dom -
oI -
acr =
Do —

W

-, 752 +008

1.194E-001
2.000E+000

1.121E-001
9.743E-003

-, 186E+801

-. 158E+0@1

-, 16264301

Sie

—_—— - A aa s SN 4 T Y Y —~ T T
| !
1 ¢ {
-3 o= = = atngd -— —— == — - (-4 o [-"1
[ = (=] - - [~ - - - - -4 =4 [~3 =]
= (-~ - - = = - - = (-4 - (-~ o=
-+ - -+ -+ - et [] < [] [ > < »>
w L (Y3} s w w w (¥ ) t w [ s wi
w @ o o™~ oy o~ - -— - d o e -3 -
L nd o o~ -~ = -r ~0 ~ » " -« = -4
” -— ~—~ o — — - — - o~ - - -
. - . ” - - - - - - - - -
] -— ] [} ] ] n 1 - ~ [ -] - =
(-4 -4 = = = o - = = = -4 - =
(=4 =4 L4 - = - = o= (-3 = = (=4 (4
D MR (N NS —— = NS D R W O D -
- S - 4 -+ - 4 = 4 o= 4+ =+ [- - R d - 4 - 4 = 4+ - 3 == 4+
B W W S B SOl D) B S i Sl S S
|- = [R--J -3 -3 "= K- (-3 + 5D -+ 5 + 5B 4 = <+
WSS WS WD LS WS LS WD WIS WIS WD WS WIS Wt
D WS ) S WS M O DS N S S S O
€3 o I~ o @ o W) e U = D e wr e (O s DB e N 5 e D e
NS MO R DR MR O MG O O W N G O
o< — - o~ - — - o -= - =9 - £~
~ »” ~ ~ o4 o~ o > ~D [t ] - = e
= (=] (- [ 4 o3 = - [-"4 (=4 (o -4 = [~
MR MR NES  (NED B S (NS I8 MO0 ot O S8 ;s
-’ -3 -3 - = [- 3 [ - -~ ] [- N =0 o + == 4 e
WM Ow P Sl N SOW SW Sl DLW SOl SBuw Ml s
[ 1~ ) — 1 1~ [Nl 1 0D =4 [Tz tu2 -+ &2 + €59 + S
b~ [¥FT. . BN VYT oo Ladee LI~ AN LR Layet (VY Lol IS LWt WIS
QAN e~ DS WO 0@ O O PN Y D0 5 Se s
Lix 34 .. o~ - -~ . ~0 = M - DO -~ [Tx I o~ - L IS c3 - - . [
-r oM (g 10 ] ~—t 0D - e i'ele ~D - ~Or- Lgllsl =L =1 =1~ =ed
- . . - - - . - - - . - .
~0 wd — [ - -— - o o~ > - ~ -
(-4 b3 (=g ”~ (=" - w (=3 2 = L= -
I bd [ [ i =] r~ ~0 - o 4 -
-r -t [ ) ~ - —

98




COUNTS/PHOTON
GROUP  LTBRARY B

338
9, foeE +ane
2.200€+000
1800

P.RPRE+DBR
#.boee+de8
ged

1.651E-285
3.944E-005

ee
¢.enge+ade
p.pooE 202

2
2.0800E+008
s12 @.000¢c+000

0.00RE+200
@. 000t 200
518

2. peE+2R
8.2oocE+200
458

4. 199E-082
b.278E-233

400
6. 841E-002
7.8748-203

i
4,905¢-092
{.179E-002

3.559E-801
1.779¢-002
159

2

s
9.—
=
OD
e

RONGE=B3
NEASURED B-100@

2. p0QE +008
f.eeec+202

p.Q0pc+0RD
8. 8e0c+0ee

l.gﬂli +308
8080E+2020

O At eane

B.DRBE +0B0
9. 200c+200

§.000c+203
800€+000

2.000E 303
8. 030E+000

et s

5.040E-202
f.0800c+200

4, 433E-09;
3, 308E +d08

J.467€-001
8. 880E+00

3,78BE-08}
#,0080c+4200

1,9126-801
?.080c+802

8.209E-002
B.2808E+200

5,749E-002
f. 008t +00¢

2.171E-082
B pege+eed

5.895€-20)
0. pedE+220

9. 808c+282

9.0200E+200

2,200 +28
B.0800E+300

99

f,000E+20
f.000E+000
1,826E-001
f.000e42%
9.020c+00¢
#.000E+200
9. 200 +200
b, 745€-002
1.779€+000
5,B34E-882
5.138E-001
- 157E+201
-, B43E+000
7.441E-081
-.$77e-981
-, 386€+002
5, 4898201
f.000E 200

0.820E+000

Al a A 4 M




™

Qe

¢
GROUP
1338

312

OUNTS/PHOTON
LIBRARY B

E+
20
£+00
11

13
20

(]
£+
e
£+
e
E+ed
(]

1]
208
]
20
)
+82
+088

E
Dot +808

.00E+200
2.000E+000

0.0020E+088
¢.3e0e+200

B.00ac-000
2.0edE+200

2,789E-002
3. 636E-203

4.365E-002
8.862E-203

4.7B4E-802
L S49E-002

{
22826081

¢. 08
3.0
0.208
.8
2.000
8.0
b.000
8.9
aee

-
%
Y

RANGE=124,5 M
MEASURED B-10@d

0. GGDE+ ]
B.289E +208

0.900€0008
P.200E+202

0.080E+200
0. 800k «200

0.BogE+2e0
8. 000E+004d

0. 000t +a00
8.200E+008

©.008E +280
0.020c+000

8. 280E+230
2.000t+008

0zE-082
D.d20c+0eQ

.B92E-002
aac+eee

[N

Lﬂ

o .
SO &;".‘ -0 [ Lat] =20 TR =20 R -~ =4 [ -Jee] =

-847
GGEODBG

aag
BEE’BQQ

100

IATION

FRON HEAN
2.200E+000
2.000€+200
8.20e0c+202
2.0800E+200
¢.200c+000
8. 000E+000
0.000c+000
-.235E+000
-.653E+200
2.363E-201
- b31E+00Q
6.938E-001
3. 105E-001
3.B46E-081
2. 196E-201
7. 690E-281
9.254€-001
2. 6b4E-001

0.000t 200

T Y

—_—d




—ry r'v

-“r..

- 1l|v-

COUNTS/PHOTON

GROUP  LIBRARY B

133

8
2.200E+000
2,800k +208

K i 1710

8.000E+000
0.0880E+2028

788
g.00gc+008

2.02080E+292

7.029E-885
3.950E-204

2.00QE+000
8.eooc+ee

519
§.000E+R20

2.0880E+000

1.624E-002
2,523E~003

RANGE=16

e N
MEASURED B-1080

f.000c+008
8.000E+200

0. BORE+@B

a.3002$800

8.a00c+200
2.080c+020

8. 006€ +d08
f.000E+200

f.000E+080
.B00E+000

]
.poee+3ae
2,000E+208
2.000E+208
f.000€+208
1

87£-08
& SIE +Hed

.B81E-082

BE+220

)
2
1.881E
.00
4,848E-202
.200E+200
1,515E-081
pagc+one
1

£-801
eoot +oee

S1E-081
gec+e0e

g-lil
9E+000

1.
i,

43€-081
. GBE*BGO

> P 3hat hes

1,294E-083
B0E+800
£

g

1,

8.
8
2
8
)
]
8.
2.92
2.
151
8.0
233
8.0
243
p.0
8

4
)
2E-007
290E+00¢
BOE+289

43
.Go0E+200

]
2
2.
8.4
8.
8.8
¢

101

EVIATION
FRBH MEAN

0. 000t +B0¢
9, 8008E+000
9. epec+d00
0.e00E+0%
1,826E-091
0, 200E+000
8. 200E 000
-.659E+000
-. 329E+000
- 46264000
-, 165E+009
-, 184E+201
1.,785E-002
1.369€-001
5.714E-001
5.037E-001
1,274E+000
1,535¢-001

o.000c+000




1
l
B
-
1
wp——
1
4
4
1
|
.
]
q
-
|
y
<
.

cmiw w m e wo
-

R —

102

= - = -4 - 3 (- R —s - [~ - o4 o =) (== -3 ~— = — =
(=24 = = [-~] (=4 = = - -4 (-4 - - -4 L= - = =2 = -~ =
w— o - == -« -3 - (- - -4 = - - =3 = - = - [ o
—ia) 3 & * -+ -+ -+ > s -+ -+ ] - > e -+ hg -+ ' hd
<= wl w (7] (V%) w Aad [TV (V3] w w w wi (VP Aat (%) s wi Lt Lt
— ~0 = - = = = = o~ ~ w© o 0 — oo ~ ~r @ (=) =3
>x 4 (-] = < = = = » -— - [ o w2 el — - o - Lo
Mm -5 = P=) = - = = w - w ws = -— -t - ~ w [ -
- - - - - . - - - - - - - - - - -
w i L~ =3 (-] == - - Ll -— ] L ] t ~— ] ] ' od -
(-4
(-4
=
-—
= = -4 (-3 = - = - (- = [ 3 (-4 = - == - (=4 [==] o (=3
(-~ - L4 -=] (-] = (=3 L4 = (4 - = = = - = - = = =
DR D M MR S M E ME NE NS NS S ) (NER w3 NG PR B &9
=2 o+ L —hd -4 - - 4+ A - 4 - 4 = 4+ - 4 - - 4 - = 4 [ = 4 = 4 = 4 3 4
NI B SL B S S L S Sw Sl Sw S S S S Ry G ol SR S
- O 4 + = < + 5 -+ B + 59 -~ = K- - K-~ 1 [K-"4 "= = 1= [R--] 1 -+ -+ 5
NS WO WS WS W LGS WP WP D LR s WS WIS UG LIS WIS Wee WS e LIS
NO) D SR SR S5 PR 5 SO M Nk we - R O O D S NS 9 =S
b EAB.B-B.aou-o-a.-u-n-rraa6-5.3-2-1&.70-A-G-e-
m—m = 0N _D PN =1 [=1.-) (1. -] DD [ -] — ) oD s — (DD oNED fa=t -] [Tel-—) (=1 =1
- - - - - - . - - . - - - - - . . - .
2 M = -] - L3 = [~ - ~Oo - " ~O — - -0 — o - = -
2
=z [Txd o3 - - (-3 - (=23 ~» ~ » o4 o~ o ~ [ ) ~ u? -
[=] [--3 b4 4 (-4 -4 (-3 o (-3 <= (-3 = = (=24 L = - L= 4 L= ("
_— U M S M5 S M S M NS oo CNED S D NI R YR O NS WS
[=1- 4 -t = + [~ d = 4 - 3 o -+ - 4 [- "R [ R -1 o -t - -3 =1 = ¢ -3 [-- ] - = +
K L | S Sy S S W Bl Sy S S DU Sl S Y Su LW S Dl
a.oc -] + & -+ &R + <+ 5 > 5D + € ) - [ t - ' D Vv -0 o " [ Tnd L 53 " -0 4+ &2
0 Wivs WIS LuIes LD WS WS LIS LUES Ll Wt WD LWGG W0 Lada wioe Ladecr LV L o Ladet wiesa
Wire BB S G N S Mo @ = PN SN Mew O <00 SR T<F D T O —-1-]
2o D e > D B & G - M+ WL W) e . e . e e D o e I~ -~ -0 e .
l‘Nln ~o = [.=1.—] L1~ -] —_e =c =1 - m— ~—rM" ~3 -0 [ P —— oCc4 —d (g e B Ot 0 =Dre
N . - - - - - . - . - - - - - .
(=] — L7 - [ oo = L3 ~0 — Lo ~0 — -— [ o -— wl {Er) ~ -
LA
=14 (-4 o == -4 o - -4 = (-3 (=4 == == Wy [~ ] Ll [ =] =
[== L = (=3 l=d - — -— u L d L3 (= [Ty = Lo o <t - "~ ==
mRu.-.J o= L] ~ prs ) w3 w2 -y - (=] o3 — —
—— —

T

NS PPN . ISR NI RN § o .




[T TS

- e v s -
» .

L
;..
r
b

-~

[

GROUP
1338

COUNTS/PNOTDN
LIBRARY B

2.000E+B00
9. 000t +208

)
B.0ac+280

2.000E+200

goe
0. 06RE<0RD

@.0880c+200

2
8. gbﬂE oee

804t +208

0 EDBE*GIB
.Q00E+200

512
I.BBgE+OII

2.e00c+d0

51¢
0.0808¢+082

.08t +008

RANGE=333 N
HEASURED B-1080

0.00RE+20R
@, 2gat+208

9.@a0E+208
#.000E+200

p.oRE+RR
£.000c+000

9.000c+000
g poeE+apd

8.008E+008

8, 200c+30Q
.Qeac+a09
E+209

pes
fE +

9,000
B.000E +200
goe E+lﬂi
-f

83
Be+oe

e,
¢.979E-
2.00
§,777E-083
@, 900E+200
1,486 -°a2
@.000E+280
4,003E-002
@, dapE+a8e

6,518£-282
9. d00E+000

5,3266-082
2. 000E+200

5.817E-082
2. 20ec+ee0

5.203E-282
2. 000t +000

103

@.ooeE+000
p.o0BE+000
8. 800c+088
0.080E+020
2.2e8e+000
0.000E+3%0
@.0dac+00e
4,861E-002
-.986E+800
1.794€-003
-. 16BE+RA1
2.542e-001
3,228E-001
-, 773e 000
3.998€-021
2.191E-091
6.009E-20!
2.798E-00!¢

0. 0e2e+008

-

[N



y £
i GROUP
" 1330

-ﬁij

182

75

50

QUNTS/PHOTON

/
BRARY B
@E+a80
.Doec+200

gee
EGEOGBG

P R
ot
(-]
~?

[
~2r 8 el P T Y]
o - -

o= PO Be  Cdem OR) ERBIA ROO- LATG N

=
e

Fid L )

L —~——

- B v om
=
~

M ST R DN R D) =
= =
4 C~

-
4

+08n

RANGE=398 M
MEASURED B-1009

2. 28gE+20
9.900E+200

¢.00QE +a0e
0,008t +290

2.%00E 000
0. 8Bdt +200

¢.280c+008
0. 800t +200

i.002E+083
¢.200c+200

B.000c+028
.008c+d20

0. 200t +282
@.000c+000

1.0316-0083
.doec+ote

83E-203

. DDBE+000

.B20E-803
.oeec+oee

4,

2
2
)
]
(.
.258E-882
0.3eec+28e
. T36E-082
@.900E+220
343E-082
1,008 +a0¢
3.295E-002
2.002E+200
§58E-822
8
4
2.
A
e.
¢
e.
2
2.

9€-

)

3

.8

.858
.Qege+2ee

492€-007

Boot+aee

JATIE-804

goee+oR0

.QeQE+0ER

eage+e2e

¢

)

£+

29
¢.o0et
[

+082
ge+200

104

@.320c+028

8.900E+020

8. 20E+008

0.000E+220

0.tooc 000

2.000E+000

2. 000 +000

3,636E-001

3.265E-001

-.417E+008

8,952e-001

-. 265E+081

- 183k +201

- 236E 008

-, 399E+000

1.324E-002

4,500E-201

2. 127E-001

2. 2o0c+e00

o

[y



1.‘

. 2AMAEEE.

’ r"

te

COUNTS/PHOTON

BROUP
1330

LIBRARY B

2.p00E+000
p.2eet+de

0.¢80E+088
0.200¢t+200

9. 0BQE+000
2.080E+002

6.200c+880
0.000E+000

[-- LS I~ L)
= (=4 (==
- ~ ~)

o~ N [~ 1% -~ 1
- -
r o

+800
gE+200

RANGE=4] N
¥EASURED B-1088

0. 20QE 008
2.200E+208

BAE+382
.B00c+220

3.8

8,000 +000
a
2

.BedE+200

0.008E+200
.002E+BR0

]
oo
B.000E+200
.80 +008

0. 208£+000

(]
. 200E+300
2.200c+008
1

3J8E-902
8.900E+2008

b.789E-002
2.0200e+000

4,299E-082
2.000E+20¢

5.635E-001
¢.oe2ec+oed

7. B13E-881
0.802cE+000

7.277E-082
#. 00t + 208
2.2

S6E-002
B.GQBE#BBG
$.336E-083
0.000c+002

8.0enE+330
2.0800c+000

¢.000c 200
2. 000 +200

B.oeQE+308
B.000c <200

.000E+
E.EOBE+500

¢
0.B0RE+a08
]
()

5.

105

DEVIATION
FROM HéAN

f.0800c+200
@.800E+pR0
0.800E+002
0. 200E+000
0.003E+220
2.00ec+000
9.80eE+900
9.024E-081
1.048E+020
~.214E+000
-.817E+000
-, 269E+600
1,082E-001
4,278E-001
4,270E-081
5.237e-08!
2.393e-001
1.826E-08!

2.000E+008

L e

Aoy




RANBE=41 Y
MEASURED C-1080
p.000E 088

-
=
-
<+
w
=]
=
=
-

9. 200€+200
1.871E-281

2.008E+008
#.080E+000

-, 28BE+820

pose+000
1,883E-081

- 112E+881

foec+a00
4,460E-082

3.860E-803

9.8346E-002
3.373E-002

gee

-, 165E+001

8.000c+200

6.951E-083

-. 1364000
-, 245E+00)
-, 144E+Q00
2,075€-001

1,1276-882
B.0ac+000

-, 123E+201

Pac+aee

4,259E-002
2.0

1. 783E-287
1.129€-002

490

ae

- - -
(== = o
= = =
L =
(Vo) W
~ o ["x)
o - -]
- -— ”
- . .
"~ — -
(-3 - =
- - =4
NS R D
[- - - 4 o3 4
@MU SR S
1 9 - t =
LIS LU wice
[l NS oS
- - v - O -
~NED o~ [=~1.-]
Le] Lag] L)
o o4 c4
8 -4 (="
Tl o4 ——D —
[ - -
V7] i oo
" O 1 D
[¥7 Logrd Ll WD
oro Py — o~
W) . [T 0 -
—_—— WO O
(£l L] Lo}

8
158

48e-902

v

5. 4186-024
3

- 1B2E+201

-
L

podE+aee
IE-022
2. eeec-200

8.
N

£,323€~202
o4

i

i

T OANE-283

-, 139E+201

200

82
2. 000E+200

==L

R4
[F¥i-3
e

132
@

7.066E-383
M

2.00aE+000 2.461E-881
¢. 2326200

[b5E-084

-
v

@.00RE+200

2.00%0c+000
¢, 200c 000

g.20ec 002

2.028E+000
2.008E+200

X

i

+

3. 800 20

¢.0200e.000

e.200E 222

106




Y

‘-

-

e

COUNTSIPHOTDN
P LIBRARY C

0. B00E+000
0.000c 089

— — ~r ~3 ol -4
o D
- 0

4

(=1}
o2
o
Sm
7
=
=
>

{.
28
2.317E-001
{,688E-002
= 643£-08
2. -
3.133E-&02
128
1. 394€-004
L L.8976-002
]
7.16RE-002
1.9695-002
6
5.163€-002
{.453E-002
43
1. SABE-202
1.270E-0@2
R
3.667E-004
o 1-68SE-8a
‘
5. 104£-003
" 2.795E-304
3.800c+000
£.800E+a22

£+Q
ﬁDE*ﬁﬂG

282
0E+GIG

~O
- - so~
I'V'l m

08 Ef%ﬁﬁ

e~ D
"0.200E+800
199€-8

2.00

J23E

8. QBDEOGOﬂ

7, 600c-Be1
@.B0eE-200

{.929E~001
.0 BBE+%Q8

7.685E-202
2. D00t +0D

3.291€-082
U.BGQE +200

3.753E-982
9. 000E+200

E gee
9E+200

4, 802
BRE+R00
2

107

e Y
— —

DEVIATION
FROM MEAN

o, d08E +a00
-, 993€+000
-, 39264000
-, T76E+800
-, 149E+00]
4,338c-001
-, T19E+000
2.682E-081
-, 1 b4E+QDD
6, 858E-281
-, 390€E-201
1.421E-001
-, bASE+D0Q
-, 254E 008
1.020€+080
-, 1BRE+R!
S, 736E-021
1, 8Z6E-201

0. peoE +892

e ——————




DEVIATICN
FROM NEAN

RANGE=124.5 M
MEASURED C-1g0e
¢.00gc+ga8

LIBRARY C

CCUNTS/PHOTON
¢.90gc+008

GROUF

2. 000E 000
§,553e-00!
-, 547E+008

0. 000k +808
5. 102£-082

2.200t000
2.333E-002

2.023E+202
§,333E-002
7.370E-003
. S94E-002
8.878E-003

v

7.188E-20!

2,800k +000
349E-82

6, 813E-022

¢.320E+020

~
i

.. 3868002
6,207E-203

688

-, {STE+2R!

. -v

-~

6, 376E-001
6.92{E-002
6. 7868002
-.dgoE+0ed
- 169E+81
-.870E+200
-, 795E+000
-.530E+000
{.584E-882
-, 420E+000
-, 124E+0201

£-992
-083

4.068E-282
@.02e0c+220
.peee+o00

1.949E-004
@.000t+00¢

JJHE-20)
2.200E+200

4, 474E-082
2.0200E+ 008

13

.0eec-200

1.517g-087

$.9b
]
5,106

L U74E-202
5.305%’3%2
1,408E-002
.POBE-98t
2.601E-002
1302E-002

4, 1b7E-002

1
s

40
T T87EE-902
'

)
4.565E-207

1, 41E-007
&
2.300€+008

-t

-, 255e-e0!

p.eoee 200
¢.000c+000

) et

). 200E 4200

2

!

g.2¢dE <00

2.220E-R00

108




ﬁv " " H « Y - v —— Pr— p—p— Y —p——— ——— —
v . . | {
V.,. C ! 1 ‘ ~ ! { 1
b
v
).
=
(=] L4 —-— -4 —s - — - - = - - - [~ (-~ (-3 (-4 -— ~— =
—pE = - = - - -3 [ -4 [-=4 - L4 = - (-~ = = = (-3 - L] (=]
=X (-4 - L) (-] - (- -] - o= - - = -« = (. ~] - (-] ) (=] o
x<ul 4 1 < - 1 [) 4 “+ - - 1 [] -+ - hd e [} 0 -+
= L&y ad wr W (YY) w A ) w w 1w ad ) W w w (Y] L ws
= - [=2] o~ (-] "~ -~ by - o -~ ~ »~» o o0 -t o~ = 4 [
[vY: = ~0 ] ~ o w o4 [ [ -— — o~ 0 a ~0 — w - -
DMNU - -0 -] - -] o~ -— « L o4 - w o~ [ -0 - - -~ =
- - - - - - - - - . - - - . - - - - -
. = -— 1 ] ~ - 1) ] 1 -— - o~ ' - . ] -2 -~ L]
-4
-
(-4
e (<))
xr o = = L-—4 [-— = (-3 = = = = (-4 - (-4 = = = (=] (-4
(& ) - - = - - - -] - (-] -] - (- - (-~ = L -4 o= = [ o)
D (MO N NED (N B0 (NG (N CNED (N8 8 it~ N = NS oS Rt S
= - [- - R e - 4 LR d - 4 - 4 - 4 = 4+ - 4 = ¥+ - 4 - - 4+ [ -k LR - 4 - 4 - d o 4+ —{
O S Sy S B S S S S D S W W G Sl oo Bl S Bw Bl
~oac > .- K- 3 1 1 - + (K-} -] K] - (-4 (-] 't & [X--3 [ -] | = -] < G < D
—_ WS WIS W WS W WD W WE WS Wl WS W W we WS WD Wl W Wi
HU R o8 DE O M M 5 ~D 0 o6 S5 NS —E O wS WIS el S DO
X B e O+ O = O s I~ o B+ 9 s+ ~ =+ N B+ O . @ D - B - P - = o M e 80 . 2D -
N-".-nh - w®s L = ~e o N —h NS o R O LI I (R e o e (=1}
- - - . - - . - - - - - . - - - - - .
M - ~ -y Ll — - o [ ] - [ e d ~a -— -— [N ~— u —— [~ ] =
%] - [} ” ~ ~ [ [ =3 [ o~ o~ o~ o o o~ o~ o™~ () v -
o (-4 o= -] (- - -3 (-4 = -] —4 o= [-—4 = (-4 [ = = (-4 - [-]
— DU oNER SR oNes NED -t NS oD N e —_ — D R — NS e e -3
Q0 D+ =) - - - = -l - = -] -] -1 - o<« - 1 - -] LR [ K] = ¥+
T B S S B S N D B B SHus B DWW s MW SOwW MW B B S
Q.o -+ 10~ ) § ~0 [ X" 2] " [y 1o~ [ ) o— -4 [l [ Bnd 1o ' - 1 =g [ ) -r - O
—e WM WO W MO~ WD WO WIS Wi WD Wie= WO Wl ale s Ao L~ e e WIS
Uy “' [ 1ol ~0 - o~ -0 e d ~— ) -—— = - w—Cd D Dt OO O oo N IrD S
[ § e O + LI e« wm s P e O e D e Mo P s O e W s oW e o 3 e D e O s ws s W o - .
w EDE e U D (4D s O~ DU wte= Orea (N O 0N =) GBrd 2O WV I D S8
- - - . - - . - - - - . - . - - - . .
mP =2 ~ -3 o3 o~ "~ -— o~ - > —— -— -— -~ - - - -r -
DD - -4 = = - o~ = - [ (=] (-] o= = u = u = -« -
or o= - - - — - wy o= = - (YR} -~} — =3 -t » £~ -—
o> [ oo ~ ~0 v wy - -r L o3 —_— —_—
O — pt
b -lr- [ ] [ 3 .
] - j{ | . | - -l it




l \

[ SO

COUNTS/PHOTON  RANGE=245 M DEVIATION
?§gup LIBRARY C MEASURED C-1008 FRON MEAN
o 2.Q08E+000 2, 008E+200
- 7. 900¢ + 000 ¢. 800¢ +dee 2. 800c +000
1.846E-092 2.761€-002
- §.75TE-283 0. 2005 +380 2,285E+820
2. 498E-002 2.942E-202
- 4.537E-0803 2.00eE+800 -.958E+008
1,5276-802 1,667E-002
- 4.2926-003 8. edoc+deo 3. 9R4E-231
. es5E-082 {,595E-202
‘. 3. 386E-003 3. 000E+200 1,775E-281
© 5.758E-004 0. 000E+000
" 1.234E-203 9. B02E +0¢20 S, 0876001
)L 047E-002 1. 789E-002
- 4.765E-803 2.800c+00 -, 715E+808
1. 107E-002 {,631E-802
- 5, 404E-003 2,000 +a0e - 63764980
o 3.3126-002 1,826-802
\e - 5, 305E-203 0. 8dec+dee - THE-80!
T4, 237E-002 4, 730E-082
- {,702E-802 2. 20eE +de0 -,289E+000
6. 5T4E-282 {,005E-08]
- 1.483E-002 2. d00E+ 800 -, 234E+081
L E-ae 1. 2126-801
- 5 R41E-002 8. 202c+200 2, 4248-002
9, EME-g02 2,574E-007
. L.095E-302 . DOk +d0e 4,558€-001
gL 13E-202  309E
. 1.836€-802 a.aezs+aee - 41E+000
5
7. 145E-002 1,865E-001
IR S L 0. 080 +200 - 594E+300
T 4,7206-002 2. 791E-802
4 7. 283E-202 2.090E+000 8.581E-081
T, ge%E-003 5, 713E-203
- 2. 807E-303 2. J00E+200 - 11BE+8D!
[}
7.618E-803 2.200E+008
" . 1SIE-Q04 2. 000E+000 2. 770E-901
0.2005+002 9. 00E+209
2. 20E +200 2. 380E+200 2. 800F 000

110

JPEITN G G "

| U S



.‘v

jw

5e¢

i1

519

452

42

Joe

- W

—

] — —

U Gite CACE Baee G- BRI BRI
e - To . -
o~ 4 —

a0

ra

.

o o
g PILN e »eOe COPD SUA
. . v

on

RANGE=333 N
MEASURED C-1d0@

B.00RE 008
9. 002 +202

1,561E-002
.030E+002

3
11€-0083
goE+20e
.278E-0
g0t
-4
9E +000

ae4
ge+d0e

RE-003
220E +000
bE-803
pose+aed

()
9. 311
ala
1.270E-002
2.0802¢E+000
5.182E-003
2.000E+8
2.049E-
.00
6.358E
.99
6. 11
2.

13
1.882E-002
2.000E+082
4,431E-002
2. 0800t +200
3.927€-002
D.BoeE+0Q
8., 280€-082
¢. 230t +000
S.217€-002
2. 200c 008
3.638E-002
8.802t+200

7.672E-882
2. 000 +d0
4,048E-082
g.000c+230
2.558E-803
9.000c+200
3. 200t
8.0
e
e

+209
.200¢c+002

3.200€E+200

]
pest+aee

111

0.oeae+200
1.602E+000
1,249 +000
-.251E+800
8.949E-801
5.4600€-002
8. J85E-B6!
5.651E-001
6.141E-801
-, 159E+001
-, 284E+202
-, 493E+200
5.546E-901
8.971E-00¢
-, 3{9E+R00
- 396E+000
-, J32E+000
2,142E-001

2. 000E+200

P S TP

ot




[
'
[
[
[
]
|

=z (-] (-4 — = - -— (="} =2 - - = = -4 (] [ — —t -— (=4
QX = [ = =2 = = o= o (=24 - = = -4 (-4 o = (-4 (=23 (=]
s - = - = - = = - (-~ = (-] ) - o= (- 4 - - - 4
—tad <+ -+ + -+ 1 + + + 1 ] + <+ + 0 1 . ) 0 +
et s tar (Y] (77} wh bl w w (7] pre) w w w (Y] w w w w w
— =] - ~0 — r~ o~ - -— - w3 " o~ o~ " -— ~— ~D o~ =
b >x 1] - - [¥s) — ~ [ o - ~ - ~0 - o~ w —_— wl " o«
- ~ - - - - - - - - . - - ~ . - - .
4 w - ] ' ) ~ w2 ' [ L] (- — ] ’ - ' - @ o~ - ,_
[ “
1 =
=
3 - N
— — X
9 = 4 <2 (-3 - [~ -4 = - (-4 o3 (-3 [ o (-] (=3 o~ (-3 (-3 (-3 b=t l
(=] =3 = - - - (-~ = = -4 = = o« = = = - £=3 o = — L
GREI N2 CNED M M NG M ME N NS (I N (I5D CHR NS (N0 TS5 860 S
4 O B D B B B¢ B4 D D4 s @M+ S D @ D DS @O B S B
@) S W M P SW Sl R Suw SSw Su W Sw G S Sw S oL SBIlw S
oo 4+ ' == 1= 12 1S ' = 183 i ‘= K==] 1% (=3 =) 1= 1 TS R 48
_. D WD WP WS WS WG W WS W WS W WS W WS W WS W W e Wi
WD O (NES DD (NE P8 O —R & O (5 I8 —& O W NS 96 oo SO0 99
g W €« « = £ « U = M3 » 63 +» 04 s S = >t =« W) o D+ M~ 0 =« I B« O = ¥ . & - D -
““ BE (N It I w0 — 0 RS M R M OmM S (N &S M O e
- . - . . - - - - - - - . . - . . . - -
M = -— Lad o~ r—~ o4 o o -— -— -— ud -r e - 4 e - (=]
- -{S ] - ~> -~ ~ [ - [ » r [ ~ o~ o~ [ o~ [ad (] "2 -
(=) o= = [-—d = [-=] [-=4 = = 2 <> o= = - = = = = (==} =
o B NG MCE M MER D IR IS (I IE (NS (NS (N (N (N (NER S oW S
Qo 9+ 1) = w1 Em S = S e = e D Sy wl m Wl S
Fad Sw Sy S Sw S Su SO Guw Sw SN S Suw SO Gu S Sy S ssw s
A <+ 13 1w R TS e ) — ] e 1 oC R4 [t 1.0 LU ' o~ [ TR 462
LE WS W0 W WD W0 W WP WD i~ W) st LSGY W WO~ L3 LuiN Wies  wen Wi
Uire RUED U2 00 (NGD == N~ P O O W~ 0 S D8 DN =d N o o S
ol € . O =+ 3 o ) e Y v I~ = O » 0D » M o+ €& s O = ~=v ¢« # . O . O ~ ¢« O3 « S -
w RED vaest vt (S DN BT Y I T e T D @ B0 0 S W pUe &S
. - - - . - - - - . . . - - - - - . -
fﬂU-P - -— o — [+ -] L ~ ~ - (o} < - ~ -2 -r (o] —_ - ~
Do = = (-2} (-3 o 23 =4 = -3 -] = =3 v - w [ - [
o=ar - - Ld = — -— u? - = <3 3 =7 ~ 0 — -~ o4 —
[ 14 = o "~ ~0 wy ) - -r 2] ~ — —
0 -— |




]
; ]
I 4
I R
¢ COUNTS/FHOTON  RANGE=28, N DEVIATION ]
i SROUF ™ LTBRARY A MEASURED A-100 FRON MEAN o]
2.000c+08 0.300E+000 1
; 2. 360E +200 2. 600E+800 0. 008E+080
5. SABE-082 4., 660E-282
1. 365E-2803 3. 980E+000 9,3836+000
1 3. 043E-002 1,541E-002
: g 406 3. 60E+000 [, 318E+801 -
Z.947E-08) 2.528E-281
g LEE 2. 000:+800 1, 297€+801
L 1elE-202 B. DBRE+260
eV 2. 000 +200 . 064E+801
3
1LR1iE-30) |,539E-881 j
Gy LA 2. 000¢ + 000 1,8356+000 -
1.560E-007 0. 200 +000 ]
(g 1808 0. 360E +B00 1. 64BE+001 :
L anE-002 5. 714E-003
gy Ve 0. 8005 +0e0 1. 323E+381
7. 068E-003 1. QB7E-081 )
g LM 0. 000E +200 - 15164002 —
6 154E-00; 7.729E-983 *
g L TE00] 0. 900E+380 1.950E+801
. 183E-281 1,491E-801
g EEEES b oot dae - 3STE+801 ]
* 9,5286-002 1, 094E-201 )
g T9EES B dhot aen - 470E+801 N
. 492E-002 2.235E-082 ]
_L5iE-00 E hotaaag -, 46bE+00!
" 2.983E-002 i, J29E-002
WIS 3. 8deE+dee 7,747€+200
0 51E-002 3,929E-002
o L39S 0. 000E+200 -, 1R4E+R02
9 N
1, 5746-007 1.507E-203
g isEsde 2. 200 +222 1.007E+081
LEeTE-004 0. 000E +200
i ebIE-R0 0. B00E + 600 2.359E+000
¢
“ 2. 000t g0 0. 08E+208
AT 0. 280E +900 2. 200E 4008
2. 200 +00 0. 0086 +000 T
2. 000E +002 2., 900E +200 2. 300E+000 )
4
1
]
]
113 j




GROU
38

COUNTS/PHOTON
P LIBRARY A

9, B80E+208
0.000E+800

5,0824¢-002
1. 44]1E-223

2.6B4E-002
1.837E-003

2.449E-081
2.425E-203

2.253E-002
1. 454E-003

RANGE=41
MEASURED A-100

9.0808E+000
0.beec+008

> i hGee dag

2,475€-pl

. 900Ev208

48E-902
.BO0E+008
49£-881

.daec+d0e

4,
L

126-292

.Boac-a0Q
202
E
g
3

3.
5

2

)
. 969E-
£.9000E+000
934E-002
£.008e+000

4.971E-082
@.008e+200
4076-881
2,080 +000
233E

2
33E-0081
.Bagc B0

E-082

BeE+280
-983
QE+000
+0

000

=
SS
=

13
+0
pE+208
(]
3

114

DEVIATION
FROM MEAN

9. 9ege+20¢
- TosE+00
1.167E+801
-, 108E+081
-, 158E+002
{.553E+081
-, 149E+002
-. 18264002
2,707E+008
1,589E+001
-, 621E+081
-, B38E+080
9.984E+000
1,250E+20!
1.509E+021
1,424E+001
5. 192E+008
1.311E+800

2. 000c+B00




(- = o~ — -— o~ - — - [-—3 o~ — — = -— - = (-4 (-3
== o= - - = (-4 - - - -4 [- - = o - - = (-~ = = = = L
(=1 -4 - -4 o = - - - L. J ca L. -] - = o= = = = - (-2J =
—_x -+ -+ -+ g -+ + <+ -+ -+ & <+ -+ -+ + -+ - <+ -+ -+
i Lr7] w tat wl w Lt w wl w L u (¥ e ¥y w w [ve) wl w
<Tx -3 o~ - (o] ~» ) - o — = - wl o - ~ ~— - =2 -4
— = ~ L 2 - ™~ (<=} 2] w (ot o ~0 ~ - [2°] -5 - > (-] =
WM ] o~ ~» o~ -~ - o~ ~ w3 ~ o3 - o~ (-] ~0 = o~ - =]
- - - - - . . - - - - - - - - . - - -
Dm - o ] » ’ ' ' — - w ' ' — — — o0 — = -
= [Te]
— —
] o= -4 - - (-] = [-_ = = = (=4 = o = = = = = [~ —
=X 4 - - (-4 - - = - (=4 -3 (=4 -] (= =2 = Ld 4 (-—J =4
[ sl ] oS — D -t NER S [l o1 —l et s i - ~me -y e -1 [
[~ -4 o - -+ g - 4 - - 4 = 4 =+ o2 4 - -+ == 4 - + = <+ - 4 B+ = 4 - 4+
W @w B SBwW Sw W Sw SO SO W O S S W Suw S Sw W S B
”mMoe + &5 - 1 B K4 -4 K- -3 |- 15 1= -3 K-} [ <+ |- + €5 1= -4 + = + 0
D W W WS WS WIS WE W WS W S W WS Wl WS WIS WS LW W Wt
HEN S N N (N (NE VG O MR 0080 WS SES S50 95 NS SR w26 - a6 O
LA <X - - -0 - L L i d o~ = -0 - Uy « (O = B = - - ) = ~ = - . ~0 - = e O - gt = - = -
%'m |men prel_ ] N B S uNN s -3 -0 a1~ —d ~—e [-—1-—) v 52 [ 1" [--1- -} [Sel ) 1.1 [=14)
<< - (] w -— - — - -0 [+ o (2 - =3 ~r = [= = w = [~
¢ 4
E<X - - - ~ [4ed ~ ] ~ [atd L d [otd ~ ~ [t ~3 -~ -y - -
(=] -] - -4 -4 - o = = = (=" = = = = = = = = (=4 =
o D - -1 NED o~ - oNeD CIED  CNER (NS D — e ") ~NeS fal-—4 NG N R S =
ox W4 o) |l S ¢ -1 -3 -3 = -0 o e ot -3 - B @ S 2D
<X - 177} [--1V7] [ 1YY ] - [~ ¥V} oL 2L DL W DL D R [=1¥ V) Dy S oD Sl S Sw
[9. 4 + 4 o~ [ P 1 - b - $r~ 3 - 1 — [ e 1~ 1 OO0 [JK= ] 19 [ 1o + 9 + G2
0D weR w0 L0 (Y9 L4 [T ey Al WO~ WA s WY i (VY Tl o LIO3 LIy L~ wee  wee
[ o Lol S oo O~ ~—a ™~o0 e i =00 -l eR0o 00 =Ir ooo MW oDr- g — ~—e =D (=14
—-—_d S - W) . b r~ - . ~0 N v D - L S <3 - o e - - 3 . uwr - o - ~ - ~ = 5 . = -
= @B LI @ O Ut et D= BDv DAY C4ED b O BT SO0 U0 N Y R SRR
= . - - - - - - - - . - . . - - . . - -
m o - ~ — ~ @ ~ - -— - —— — ~ -r - (e} —_— L~} -
(=
D0 (-] - (- - o4 (-3 (=" o2 = = - = wl = ul =g = -
[=1d = -] [ J == -— -— w2 =3 - (==} ud - —~ -0 -t ~ N1 —
-wlnnv‘ = ~ ~0 [Tp ] vy -t < 53 o — —
-— —




YTy

AR ) RS M

“'—V

COUNTS/PHOTON
??%UP LIBRARY A

0.000c+008
2.000E+200

1008
2.633-202
8.987e-204
1.573¢-882
6.613E-004
lBlE
1.869 003
3.285E-082
1.219e-883
5.372€-002
8.090E-004
7 2
-0

83

b
BE-206

+080
aE+30e

RANGE=124.5 M

MEASURED A-108

B.808E+008
9.0080E+000

2.414E-002
2.000E+000

8.935E-083
9. 000t +200

1.814E-08]
f. 200080

1.218E-082
9.900c+208

5,3736-092
pagE+pae

BE-282
a2ec+a0e

4,

8.
48
2.
3,09
8
9
) H +ﬂﬂﬂ

SE-882
.000c+000
b.968E

N
1,301E-201
E+000

)\

.0
1,288E-081

gﬂGEbOBE

2.
3.962€-
.0l
21E-
.8ee
BiE-
.90
2

116

DEVIATION
FROM MEAN

#.000E+008
2. M3E+200
1.828E+001
8.953E+000
5. 444E-201
2.435e+000
- 4b2E+301
4.091E+000
9.352€+000
1.189E+000
-, JALE+BR1
2.163E+081
- A33E+801
-.925E+081
3.931e-001
5.473E+000
5. 068E+000
1,4Q3E+800

0.000¢E+220




COUNTS/PHOTON

GROUP  LIBRARY &

9, Q00E+p00
0.0200c+200

1. 914E-002
8.08s6E-204

1.127€-002
7.047E-804

8.123c-082
1.238E-2@3

109

RANGE=165 M
MEASURED A-180

8.880E+000
#.000E+200

1,678E-082
8.000¢E+000

7.346E-083
2.000c+000

7.33]£-082
e.d2eE+200

3.546E-002
000t +a8e

£+000

799

p.¢

800¢ +88

0. Beoe+ee
gage «8e
2.000t+000

117

DEVIATION
FROM MEAN

0. opet+000

2,910E+200

5.567E+002

6.187E+000

-. 63264001

-, 957E+882

1,737E+981

1,327€4001

-. 12764202

1.714E+000

1.875E+001

-, S95E+881

1,435E+00!

1.323E+001

6.183E+000

8.797£+080

-, 15784002

1.751E+000

B.000E+008




vy 7r

LOUNTE ERETON
GRQUP LIBRARY A

2. 000E +030
1. 000E+000

1, Q746-002
3,929E-004
sed

6.137E-003
3, 696E-204
708

4,0807c-082
9.661E-004

7.041E-002
2,33t -0B4

438E-002
3.973E-0804

7.157e-007
2.902e-204

-
1G4
~3
—

+

. 2
2.239e-207

~£3

o~
) e
o-m Lhm
o3t )
mea mc
-3 | &5
o S=rD
(=] (=)
A L4

]

Nu—i3

MEASURED A 190

b.B0RE<DOB
0. 200E+00R

1, f90E-082
9.00e¢c+000

§.921E-203
2.002¢E+000

— -a
-~ oo S

"~

~ o
-~ [~ e ] m=mcd -~
- « o~ - by

51368083
t.00CE+200
77

TE-0082
.00t +200

5. 7176-005
2. 020t +200

3. 000t +g00
¢.000c+228

2. 800E +300
3.000c+008

118

9. 000E 000

-, 609E+09¢
-, 107E+002
5,595E+pRe
-, 1 38E4002
2,820E+081
1,427E+00!
7.186E+008
1,656E+001
1,382E+001
-, 702E+281
1.274E4001
-, 26264001
7.00iE+008
1.S43E+001
3, 623E4000
4,485E 00
1.587E+000

{.89cE+00Q




' .l i '1

L . .-

COUNTS/PHOTON

GROUP  LIBRARY A

1338

9. BORE+BRE
@.000E+200

1909

e
8%

780
628
512
310
458
400

M

RANGE=333 N
MEASURED A-10Q

&.0RRE+200
d.200E+200

7.323£-083
2.000E+000

4,636E-003
.000¢E+000

2.539E-02
0.900c+00

5.323E-083
2. 800E+020

6.302E-003
0.000E+008

2.442E-003
0.200c+890

48E-883
. 000E+000

82
8

43E-0
.000E+800
E-082
aeE+20e
37E-802

2. 0004000
-82

BEE#BBG

82
£ +308

=i 00 sm
"y l'ﬂ Ll 2]
=4
-

119

0. 000E+a08
-, 844E+001
-, S25E+001
- 13364002
1,296E+801
-, J30E+081
2.074E+001
1.891E+001
2.680E+001
-, 259e+001
4. 153E+000
-, 24BE+201
-.SB4E+R0L
2.315E+000
-, 119E4002
9.993E+202
3.530E+000
1.636E+008

2. 800 +220

PO NI G S Y ORI

i
e a e _a_ sk A b a4 A



*ﬁ—ﬁ-rv‘.vv"—rﬁ
.

s

512

420

20

15¢

0.008E+0d2

8.

7

L]

[N

(Y

e

=4

-~

L]

.44
2

N
3.

9. 900t +p00

d0ac+008
2. 000t +002

¢00E+p0e
2.000e 000

* 3.000E+800

.000c+000

8eQE+ 220
3.0800¢c+000

.940E-082

{.832¢-003

. 6$E 002

8c-2e3

1.93
SE-082
gSie-283
6E-001
d61e-007

|

'.159E'

8e{
7.626E-003

.474E-882

1. 7435003

.B73E-033

}.239E-283

. E50E-003

g.897¢-0804

. 3OS +002

¢.08RE+000

.Qagceee0

2.ceec+eee

.QegE+00

2
2.geet+2e0

2.000¢c+000

. 00¢E+ 000

oc+p00

BE

']

0RE+

oee

3

29
2.030E +800
pedE+220
pe+000
ge
(]
e
0t
20
T8¢
ge

2c+000

+0e8
AE+000

+32
fc+ea0

atodu0

4, 334E-082
eeec+a2e
9.00pE+200
peac+2ee
b.261E-008]
geac+dee
3
)

1.593E-081
gec+eee

83E-88:
B.%BGE+%GG

o.00
8.
d.00
8.
0.0
g.
20
¢
6.08
2.
0.00
2.
B.02
g.
7.97
a.
k4
2.
g
#.
6
¢
5
8.
3

-
I

120

DEVIATION
FROM MEAN

1. 0080E+000

8.000E+000

0.209E+000

2.000c+000

2. 200E+000

9.0800E+000

9.000E+200

{,981E+000

2.657E+001

1, 192E+001

1, 126E+081

2.175€+000

2, 1474000

3.337e+000

2,851E+008

2. 000E+000

0.000E+000

2.000E+000

2.008E+000

——

P

FORTSY Y

L [ S W Y




A 4

COUNT%IPHOTDN

ERQUP LIBRARY B

DBRE +808
. Q00 +B00

+080
BE+229

e
o
i

+080
BE+208

=
b
00
am

RANGE=41 M
MEASURED B-188

0.200E+008
0. 00BE+B00

9. 800E+200
2. 000c 200
g.00 050000
9. 200E+200
8
e.

£+080
a0E+200

BRE +080
pede+en

8.9
2.
2. BoRE+
8.00 E*Bﬂﬂ
2.000E+200
.400E+020

e
8
1, 343E- %
B.000E+000
5. 296E-802
* 3. a00c 000
{.84BE-
8. 00050306
<. 267E-0
8.8 OGE*CGC

5. 323E-001
*' 3. 000E +800

1.857E-081
0. EOE*Gﬁl

121

DEVIAT] N
FRDH HEAN

2.00BE+900
@.000E+000
8.000E+200
f.egee+e0e
¢.000E+200
9, 880E+200
f,0080E+300
3, 465€4001
1.315£+801
1,550€E+001
3,340E4000
-, 429E+892
- To0E+8R1
7.815E+300
4,997E+280
2.868E+000
1,311E4000
1,000E+002

p.e00c+000




iw

COUNTS/PHOTON

?qgg? L [BRARY B
7 p.20BE+BR0

9.000E+008

foa
¢.200E+000

8.002c 000

0.00654

a

d

S R e
-~} =
P be)

-
4

L]

+200

RANGE=83 M
MEASURED B-18@

2.00QE+202
9.0800E+000

3. 080 +000
2.00RE+2Q0

¢.0opE+A8d
2, 0006 +000

9. 00E+200
#.802¢c+020

¢.0agE+800
B.0a0c+20Q

2. 300E 000
0.000E+220

8.0anE+200
0. a08c+200

922E-0
ﬁ 935E+BBB

7.507€-082
0.000c200

.S70E-002
0.000E+B00

3.068E-001
2. e0dc+202

1. 847E-00)
'8 GGGE*IEG

5.101E-002
2. 00ec 229

7. 139E-802
2.020c+200

3.090E+208
2.002E+300

J.aaac 000
2.d0eE+d20

2. 009E+a00
2.000E+000

2.000c 4000
2.900e+008

2.088E+80
2,000t +200

(>4

—

122

DEVIATION
FROM MEAN

2.0e0E+000

2.200c 200

1, B00E+200

2.000E+008

9. 200 +2R0

2.000E+200

£.000E+000

2.497E+000

- T41E+201

4,342E+000

f.5L1E+R0!

3.546E+001

1. 183E+081

3.871E+009

1,459E+801

8.029e+80¢

3.3197e+000

0.0290E+00¢8

2.0 200

fAa A iaia

1
! ! N
PTG PPy

i
ST S




Y

UNTS/PHOTON  RANGE=124,5 M
GROUP ™ LIBRARY D NERSURED -100
,000E+200 2. 000E+208
g OOV 0. 800E +309
. 808E+208 3. 088E+208
g | -O00EvD0S 3. 000E +000
. 0R0E+200 2. 008E +309
g 1-O0IEV000 9. 002E+380
8. BBRE+300 0. B0RE+008
gy LONED 3. BOBE+208
PB0E+000 0. BBRE+B00
gy B-00EvD0 3. B09E+200
2. 8085 +208 2. 08RE +388
G UOUOERRS 0. 008E +300
“ 0. 0004000 9. BO0E+80Q
g L-OERE 3. 000E+388
. 709E-202 .38
g oo Abateta
,565E-282 5, 498E-002
g LTE * 2. 000E+208
4. 784€-002 b.B14E007
O X L +d08
2.282E-801 3.925E-001
o 1-900E-g03 0. D00E+208
3., 164E-001 2. TA6E-B01
g BreISE-d 3 5elthas
. 8626-801 1. 824E 901
o B-ORE-H0S 0. 800E +200
o
. 167E-281 5.54
AL 3 S5eE aue
140E-001 5., BR9E-002
o BITEE 0. BB0E +380
¥ 3.946E-082 2.00
g LIE dGat a0
. 158E-283 5, 358E-084
g S ESHET 3. 000E +30
“ 1. 3826-005 2. 200E+208
g T Seae-des 3. 000E +200
. 200E+000 9. 300E+008
2. 800E +208 3. BB2E +200
123
.

- Ty

2.0080E+020
f.000E+000
p,a8ec+000
0. p02E+d00
9, 000E+2R0
0.000E+800
@.000E+000
-, 251E+002
-, 633E+081
-, 7184001
-, 25564802
5.0882E+000
4,2826-991
1.189E 281
7.909E+200
1, 416E+01
4,479E+000
1.476E+008

0. 0RE+20Y

]




v
1

T T e

F— g T T T

R Rade

GROUP

1

338

CUUNTS/PHDTUN
LIBRARY B

2.p0gc+000
2.08%2c 000

0.0Q20E+80
@.B00t 00

11}
0.938E+000

8.0eat a8

)
.000E+200

152

a0

o

¢.000c+000

7.829E-085
7.029E-005
d0E+220
200t +e2
EGE»G
22c+208
1.621E-002
4. 686E-804

2.

3
.
2.0
2.

-
n

(=) <nNey o

en

=
[ IRV R N S RS R N = o

RANGE=1

HEAaURED B 108

¢.000E+9008
0.0z 200

@.000c+008
o.002E+000

9. 200E«p0Q
g.008c+000

¢.000E +000
.08t +a00

. Q0QE+008
.oeE+0el

id
v

€2

(2]
[-~Tse] SC; ‘Q'S s!sa
[ 101

od
—
-

en

(L%

124

DEVIATION
FROM MEAN

B.enee+200
9.000E+200
9.0900E+ 200
¢.200€E+000
1.800E+000
9. 000E+002
2.800c+008
- 274E4002
2,513e+80!
1, 64364000
3, 458E+000

-, J83E 001

L217E4082

3784002

1. 201E+00!

6. 419E+000

5. 441E+200

1,229E+008

2.000E+281

—r—m o o vy

hadhadtdniduinemenal




S [=]-"]
- -3
——Ued
- 4+
m
+*

(=4
-
(-]

S [-~]
QS wom o

420

e

—
— N~  NOD
P

202

~ L)

159

—_—
wd
~4

109

—
—

-

wn

3

—
D POOD Faee Cded) L O
- P . -
L
onery

=
[~1-—~4 —

RANGE=245 M
MEASURED B-108@

2.008E+008
p.2ege+20

{.000E+008
2.200E+000

2.00RE+RRE
@.0e0e+20

¢.000E+p0d
@.0200c 000

0.000E+008
@.000c+200

9.0e8E+008
0. 000t +200

8. 000+ Glg
Beac+20

17E-803

e.
b, J1IE-
9.2980£+300
7.897£-003
0.020E+000
2.176E-082
9. 000t +200

125

DEVIATION
FROM NEAN

1,000E+200
@.800E+900
8. 020 +200
0.0200e+000
B.geec+e0e
9. 980E+000
0.deeE+d00
1.710E4000
1,424E4001
3,980E+000
b.bZ6E+200
2, 22964804
-.182e+002
2.791E+R00
-.425E+R02
-, b16E+8B)
7,352E+000
1.581E+00

0. 800E+000

e

PO W WS




COUNTS/PHOTON
GROUP  LIBRARY B
1338

2.002E«200
2.000E 200

¢.0negE+000
.08t +200

0. 0800E+000
0.000et+220
780

0.000E+008
2.2080t+200
aee

0.000c+088
‘12 0.200c+000
wld

2.008E+000
0.000t+200

d.208E+008
. 000t +2a0
459

L.635E-003
.280E-004
42

=

200
15¢
.88
10¢

75

t@

s

P wn
PP BCD LaO R LNND RID — 0 OB 4O Fo
< . . TTCa . . -

RANGE=333 M
MEASURED B-109

0.208E +a08
f.%0mE+000

2. 00gE+200
0.000ec+200

B.0o0c 008
2.002¢c+2080

8.000c+28¢0
0.000c+200

3.000t+0088
.e08c+000

0.002E+008
9. 900¢c+202

8.c00E+208
.00t +220

¢.000E+008
0.0@0¢c 202

0.000t+200
0.002¢c+208

126

DEVIATION
FROM MEAN

g.000cE +aae

0. 000200

2. 202E+p0Q

2. 000c+200

. 000t +00¢

?.000E+000

8.082¢t 002

1.267€+021

2.265E+081

. I51E+R01

5.602E-821

7.242E 40080

- 11484002

- 732E+801

-, T46E+001

- A38E+001

6.374E+082

{1,533 +000

¢.000E+228

adaand.

Py




—~—r——

COUNTS{PHOTON
GROUP  LIBRARY C

8. 80aE 008
2. 800E+00¢

1009
2.285E-B¢6
2.646E-203

RANGE=28,
HEASURED t -180

8.088E+808
@.88ec+000

2.404E-081
8.0 DE*GGG

1.114E-80)
.000E+002

2.4B3E-882
f,000E+200

7.846E-8083
9. bpoE 200

9. gedc+aee
@, 0eat +ane

8,279e-283
2,000 +200

g Tz

7.023E-882
9. dogE+208

0.000E+ Olg

9.0pRE+200
83y
()

§.83 E-ﬁll
.000E+008

1,809€-801
.02t +0ee

?
8. 008E+
P. 000t
8
2

+000
.B00E+200
2.818E-992
.Bade+202
3. B0RE+200
9, 200E+200
2E+200
fesc+200

g.e0
e
¢.000E+208
2.200E4300
2.Q0RE+D
B.OGBEtﬂﬂﬂ
o8

¢.2

3.000¢+0

Eﬁ*%i

127

DEVIATION

FROM MEAN

9. B82E+000
- To0E+Q04
2,808€-092!
3.211E+008
1,899E4080
2,323E+200
-, 184E+201
8,550€ 000
-,388E+082
1,206E+R01
4,133E4200
1.332E+001
2.992E+001
-, 14764082
24304008
1,226E 4900
2.000c 00
2.000E+202

2. 000e+080

—




—

R
3

i
8
7

3

y
e

0
3

29
23

a8

509

~
wh

o
=

=
wn

COUNTS/PHOTON
P LIBRARY C

2.000E+000
9. 000t +200

<~
o
i)
-
-

-]
~0
m

[
oo e—
=]
4

[ el
- - e o~ = ed

o

._. ....
[onl - el L s < B e P B ol » & R S 1 <]

.« 4 -

(o]

o4
ra O &£ 00 wned o D a0 ~Crer-
- N - AT - - O

(-3 o
= -0 -0 = Lk B el S ] —Ln o (¥ (]

o rm [--1aa] ~r3m e 124 [ Siaa] -1

~ - ~>
=4

-~
e 2 o2

raSe D0 IS O oD OUGd e
STV T LN ST DY T e

ra
oD

=
- =

[
— s

RANGE=4] M DEVIATION
MEASURED C-102 FROM MEAN
g.020c+000
2.0800c+200 2.000E+000
1,409E-081
¢.e00e+B00 1. 686E+001
8.675€-082
¢. 020 +pee 7.484E+000
7.502e-002
2,000 +200 7.301E+000
2. 134E-002
¢.000e+200 -, 285E+001
2.000E+000
0.908e+000 2.188E+000
1,499€-802
0.000E+200 - 451E+001
2. 310E-002
0.000c+800 -, 146E+082
{,506E-082
@.020ec+e00 4.867c+000
2.00RE +209
9.000t+200 1.292E+Q01
3.912E-001
0.0@0E+200 - 1{9E+002
7, 041E-00)
2.000c+200 3.289E+0080
7.108E-002
i.000¢t+200 1. 411E+000
¢. 000E+0RR
2.080t+002 {.465E+001
¢.000E +300
¢.00eE+20e 7.891E+000
2.000e+p00
0,902 +002 2.662E+000
9. 002000
2.000E+020 1, T43E+000
?.BDBE+EGB
B.d38c+000 ¢.020E+000
i, EMBE*EGB
pe+cee .000c+208

128

e e A e o



Yrr-—v"r‘—"

"RY

~—T 17-?

DL el I M

L

- - TwTw

6ROU
3

1828
8ee
708

600

COUNTS/PHOTON
P LIBRARY C

338
8.0800c+000

2.800E+000

1.371E-001

2.926E-203
-8
9

1€-882
.598E-923

~a

RANBE=BY M
MEASURED C-198

0. 0eE +28d
CR )

1.015E-281
8.200E 000

1.477E-0802
0. 009E+200

2.853E-BB1
f.000¢E+008

2,247E-881
@. 80t +00

1.335€-08

G.Bﬂﬂg+blﬂ

1,802E-001
@.000cE+200

2,000E <008
0.000E+200
0.300c+000

£.epet+o00
2.000c+008
#.200¢E 200
8.000E+000
2. 008t +200
2

2

2.200E+0
.000E+000

129

DEVIATION
FROM MEAN

p.oegE+00d
1.752e+801
1,592€+000
-, T06E+001
-, 9Z4€ 4201
2,376E+208
-, 517e+001
1,283E+801
1.376E+801
-, | B2E+292
-, 173E+882
6.084BE+200
1,536E+208
-, J01E+002
1.,530E+001
6.951E+208
3. 14264800
1.800E+000

2. 000€+200




COUNTS/PHOTON

GRAUF

LIBRARY C

338
@.200E+000

510

400

e

bl

2.200E+000

RANGE=124,5 M
MEASURED C-180

2.0800E +308
?. 900t +000

9,438E-002
9.000c+008
4,833E-082
2.000E+000

2.836E-082
2. 200c+000

1.574E-003

9.200E 002

[

9

5

8.

4

¢, g08E+200

g
.2
67

ac+de0

C

E+

e

E-002
peee+ee

3.428E-0

2

882
.00 +000
2. 3196E-082
peee+aaR
o -
peec+aee
3,247

)

3

8.
475

2.

247E

.00
1,687E-

0.028
4,121E-
2.200
JEI5E

p.0e
1.BZ6E-

.00 *030
7.643E-00
¢. BEEE*GGB
2.000E+8

000E+G00

2. 200E+002
odec+one
¢

0

8,

8.
g
8.
2
e

130

DEVIATION
FROM MEAN

2.800E+000
3,677E+000
4,704E+000
7.533t+200
1.967E+801
3.375E+000
-, 336E4002
-, 15884802
8.255E+000
2.150E+002
-, 469E+0R2
1. 357E+30
2,235E+081
-, 340E+007
-. 140E+002
-, 1536+002
6.817E+200
1.680E+000

2.000E+000



FROR M
8.000E+000
- 4BAE+D02
-, 226E+8D1
-, 599E+001
-, 123E+801
2.714E+800
5.101E+000
3, 234E4000
-, 225E+002
1.514E+881
-.123E+0082
1.132E+4001
1. 4b5E 4901
1,894E+001
-, 5394001
8.215E+200

L]

Ha

2.ee8E+000

Mo
1,314E-081

3.441E-002
0.000E+00Q

1.372E-082
0.000t+208

0.088E+080
g.0eet+208

1.004E-002
0.000c+000

1,694E-002
2.000¢E+00e
9.820E+008

1.395E-001
8.000E+008

b, 353E-282
2.000E+200

2.407€-
£.080E+000

0. 000
1,787€-002

9. 800k 200
1.192€-083

MEASURED C-100
2.

4.379E-0802
1,532E-081

RANGE=166
8.80

0!
.712€-004

f.000c+000
1.666E-082

1.190E-082
1. 331E-203

4,35¢E-002
9.861E-004

2.719E-202
1.222E-903

2.236E-002
1.184E-083

7.361E-004
2
1.298E-203
2,356E-003
1,547€-081
4,879E-003
4, 161E-003

1.068E-281
4,533E-203

0.0080E+000
1.241E-001
1,029¢-001
4,597E-002
3.421E-003

COUN

i
1808
899
780
60¢
512
31
450
200
150
75
b
L

3.639E+000

8.000¢E+B00
o.000E+208

1

£-803
.850e-004
4, BAJE-006

NGO
-+ Q0

1,499E+000
@.00ec+200

131

@.000e+220

9. 000E +200
0. 220 +0ee

2. 381E-006

@.000E+000
@.000E+200

13




A a3 A A A A e e e e e e

= =S - — o~ — = [-~3 o4 -~ [~ = ~— - -4 = = [~ = (-4 =
(=] L3 = - (=4 - (-~} - - - [~ - = L—J o= = = - - o=
— - L) = - - = - = = L) (-] (-] = == = = = o« -
—<x -+ <+ -+ -+ ~+ <+ -+ + + -+ -+ + -+ -+ +~ + + + +
<X i s w [ve] w [SV) w ws w w LYy w [V¥) w (Y73 (¥ V] w (%3] w (Ve
—3 = [ — ~” — ~O ~0 - ol ~ o~ o~ o~ w3l e d o~ o~ ~ =
> (=" (o] — (o] o~ o] o~ ~ o« [t d » w ~0 — ” — ~0 - L-—4 1
EIQH - o~ - -— (3] [ ” o~ -0 »” L] — ~ o~ o~ -] -0 w3 -
=% - - - - - - - - - - - - - - . - - - -
m - -— (o) ' —— o~ [~ ] ' - - ~ ] o ~0O o > wy — = ‘
'
i
[
L)
i
-
= o |
-— o
=z = = = [ - == =9 = - (-4 - - -4 (== o2 = =4 (=24 e d -
w ] (== oS (== (=] = = [} (=24 (=4 - [ (=4 = = o= = = 3
L s e [t od ”mea - 11 "mes oD "M N o —_s e NER N 4 - 5 -3 e
=3 B + o0 4 = 4+ = 4 - - - 4 - 4 - 4+ - <+ = 4 = + 0 -+ - = 4 S + o2 4+ - - 4+ = +
[Tgl¥%] B S S ) Su Sw = [ -1V ol YT} -1V ¥] [ V¥ R SW Sw 0w =w S [~Iv¥) '
-t 4+ =) - R ="} 1 -~ 5 - - (-] K1 (-4 (=] K-~} 1 == 1 = 1 = -~ = -+ 0 {
[ g o | LSS Wwien LIS wies (Yol S vy l-T] el [ver-— wes e LI e e wes  weo (VX1 e jvyl--2 e
"o 3. - U [s-1-~} ~re Qs - e W [l o —— N NS e~ W - —_e =14
WICE @ - P = WD *s T « -0 e+ G - t73 = (4 > €4 * G » D e M o B = ~= o Ul = W) = M~ « & + € -
G_w-ns R D DS M N M w0 O — M LI (NS O N WG G R M S
= . . - - - - - - - - . - - - - - . . .
<X - (o) L [ (o>} [.~3 ~ ~ -r (& ] L 4 - wd ud -t Ll u (=] =4
o
zO = - - -1 - - -+ ~r [ d [ ~ [ ~ ~ [l o -t w -
{=) = - o = (=4 (-4 == = (=24 = = = = = = (=24 (=4 - =4
—— B oNeR O CNED N - = e 45 oSy N NS D [l NS NED O resa u= [=3-
[=—]- 4 =+ - - - (-~ - =1 -1 =1 - =1 -~ =1 =1 = ) = ¢ =9 ) = 4+
<X Bl Ol OwWw SO Sl i -~ 1VV} =17 =i =l LS [_-1VE I - {VV] =Lt Sl =Bl =) [ -{V VI .V
Q- + &2 " [N a b tu b= [ d 0 -] 1~ [K=4 [ [ [ el [Tl " -0 [ [ + 2
D W WOD L0 LU~ W00 A0 WM W0 WO LS WIS LU0N U Wb IO LSS e Oy ey
e DS OO O I~=F (W) (O P~ 00 NP e O~ (= (D =7 Y0 SB-— VI (DS S5
—d BB e W - O = N s I 2 M) = W e B - e r~ s e LT ] - + N « -O — . .
x S O =00 U 0D <4+ T3 P KMea ONPFY BII0N NP D et e e S - o7 Carw
= - - . - . - - . . - . . . - .
[=] L) ~ [} - — [Ty) — — ~ -r - — o [s-] O d -y ’ r~ =
LI
DS <= - = 3 o3 (- [~ = >4 = [=—] = [ [~] u [~=3 (=3
o - =3 [ & -— — ud =4 = (-2 ud =] LS 0 -t (33 o~ —
WY\‘. [~ =] r~ -0 v vl b -r ~ ~ — —
- -—

h..ﬁ».»r.»..!»»[tr. 'r Lr’»




DEVIATION

FROM MEAN
@.000E+20e

N
glﬁ

2.163E-002

=333
MEASURED C-100

9.000E+00
¢.000¢c+

RANGE

LIBRARY €

0.000e+002
0. 200 +008

COUNTS/PHOTON

1088

-, 390E+001

2.00ec+008

-ge2
4,764E-204

1.979€

gaee

o~ -4 — = - (-] -— o~
- - (-] [ (-] - L4 [--]
- - - - (- ) - = )
- -+ -+ -+ & < <+ -+
w w w w tad ) w w
(2] o~ -r -0 w3 o~ — (-4
- -= - -— ~0 - -~ ~0
—— ~0 o~ - o4 - [ ] -
- - - - - - - -
] ~~ (o] o~ L} ~0 -— )
- = - o« [- - = -4 -
(-] - = (-3 (4 = = =
NP M D @D MR ME I e
-4 o= 4 - 4 o3 4 -4 - 4 o= 4+ - 4
WU MW Sy iy DL S|l D @
"= (-] 4 S -+ B 1 " - - =
WS LW WD WD LR WS LWIe e
NS e EO S NS S O o9
- s OO s 9 = @ e D s M e O+ 4 =
O = SO oSN NG VS DS oS
- - - - - - - -
Aend ~ = - o "~ u w
- -y - [x) - -+ ~ "~
(-4 (-4 = = - (-—4 (-~ (-]
NED NED NI WS MHE MO N NS
-1 [- -] - =) - = [ ) o
WM W Bl B Dw B oW oW
[ 1~ o~ I ~0 1 - [ ] [Rand "o~
Wi~ wIes WY Aade—  LITY Wi LCO ity
-~ EROD e == e . NIV D
P~ o O s OO a =g ¢+ B o B+ = = v o
Cder  wey? a3 MO~ IO D I O
- - . - . . - -
- — -— ™~ o @ o ~”
[ = (] (-] (-] = = -
- - -— hond (x4 - [l =
~ -0 wl wl - - ~” o~

1.027e+001

2.08E+000

1.698E-082
2.661E-001

25'002
891E-003

3,63
1

150

-.699E+202

f.oo0e+800
1.351E-802

1,193E+Q01

p.egoe+20
9.970¢E-082

75

-, 182E+002

f.eeee+eee
1,875E-0802

3.565E-003

5,410E-002
6.494E-002

1,115E+281

2. 800E+200

4,142¢-203

3.618E-002
1.9

e,

3.353E+000

 954E-202
0.0k
3.441E-004

~
b

826-303

2.014E-003

5.659E+009

2.009E+000

2.950E-094

[ -
(=3 -
- -
- -+
[V ) [¥7)
~» -
r~ [——4
- L)
- -
-— -
- =
= =
RN B
04y SO+
S oW
e S
e wes
_m SR
- . .
-om W
- -
~0 ==
= ==
omn SO%
- - 4
oW S
10~ -
Wity iR
-0 O
~3 . = .
o~ O
oo L]
(-]
—

133




Appendix D. Principle of Monte Carlo

Introduction

The Monte Carlo Method uses random sampling to construct the solu-
tion of a physical or mathematical problem. This random sampling dis-
tinguishes this technique from numerical techniques. A complete treat-
ment of the Monte Carlo method will not be attempted in this review,

only the basic principles will be illustrated.

Basic Principles

The Monte Carlo method depends on the use of "pseudorandom' numbers,
L, which are uniformly distributed on the interval (0,1), i.e. 0<Z<1.
The interested reader is referred to several references that discuss

random number generation (Refs 12:27-31; 3).

The basic principle is based on modeling a physical phenomenon with
the proper density function. If the phenomenon can be modeled as n in-
2""En’ with probabilities
P1s Pgse=tsPps respectively, and 55 Py = 1, then for a discrete case

|
)
L.
.i dependent, mutually exclusive events El, E

Ei will be determined by the generation of a random number, f, on the

(2l

interval (0,1). Pi is the probability density function and is illustra- -

ted in Figure 1.

To find Ei

P . =pi+ 2+...+pi_1<c< p1+p2...+pi=Pi ]

where P(x) is the cumulative probability distribution function for the

discrete case. Figure 2 illustrates the distribution function.
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Finding Ei for a continuous case may be approached in a similar
fashion. If p(x)dx is the probability of x lying between x and x+dx,

with a<x<b, and

b

fp(x)dx = 1

a

then

b

g =P (x) = Jpd
a

determines x uniquely as a function of z; if ¢ is uniformly distributed
on 0<t<l, then x falls with frequency p(x)dx in the interval (x, x+dx).
To illustrate this first method let us sample the distance to col-

l1ision of a particle. The density function for this example is given by

—Ztl
p(1) = Ete 1)
where
1 = Distance to collision
Et = Total macroscopic cross-section of the medium. I_ is

interpreted as the probability per unit length of a
collision.

The probability of a first collision between 1 and 1+dl along the

photon's line of flight is given by

-1

P(1)dL = I e b a1 (2)

By applying the basic principle to equation (2),

ths = 1l-e t (3)
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solving for 1
1
1 =3 1n(1-2) (4)
Zt

1 is then determined directly from Z.

Equation (4) is often seen simplified to

1 = - % In (5)
t

since 1-z is distributed in the same manner as 7.

This example illustrates the basic principles, but finding x
becomes more difficult when the integral cannot be solved explicitly.

A simple method to overcome an implicit integral is to subdivide
(a,b) into intervals, storing accurate values of P(xi)=Pi for the end

points of each subinterval

Xo = A<K,..0.<X T b
Then using the discrete method for determining the interval (xi_l’xi) on
which X falls. Interpolation is then used to find the final value of X.
The resulting equation is given by

- P(i)-g _
X=X y (%=X

1 P(D-P(-1 i-1)

Often it is difficult or impossible to find a closed form for some
density functions. An alternate method called the rejection technique
may be used. The rejection technique is often used for sampling from a
density function p(x), a<x<b, by employing two random numbers, ¢ and n.
Figure 3 illustrates how the technique uses the random numbers to define

points distributed on the rectangular area, bounded by the lines
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Figure 3. The rejection technique

% 1
& This technique consists of "throwing" points (Z,n) uniformly into -
]

i the bounded region and rejecting the points lying above the curve (in
ki the shaded region). This technique is best used when the rejection area
L

is only a small fraction of the total enclosed rectangle.
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